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The Committee on Human Factors was established in October 1990 by
the Commission on Behavioral and Social Sciences and Education of the
National Research Council. The committee is sponsored by the Air Force
Office of Scientific Research, the Army Research Institute for the Behav-
ioral and Social Sciences, the National Aeronautics and Space Administra-
tion, the Air Force Armstrong Aerospace Medical Research Laboratory, the
Army Advanced Systems Research Office, the Army Human Engineering
Laboratory, the Army Natick RD&E Center, the Federal Aviation Adminis-
tration, the Nuclear Regulatory Commission, the Naval Training Systems
Center, and the U.S, Coast Guard. The principal objectives of the commit-
tee are to provide new perspectives on theoretical and methodologgical is-
sues. to identify basic research needed to expand and strengthen the Scien-
tific basis of human factors, and to attract scientists both inside and outside
the field for interactive communication and performance of needed research,

Human factors issues arise in every domain in which humans interact
with the products ol'a technological society. To perform its role effectively,
the committee draws on experts from a wide range of scientific and engi-
neering disciplirnes. Members of the committee include specialists in such
field&; as psychology, engineering, biomechanics, physiology, medicine, cognitive
sciences, machine intelligence, computer science, sociology, education, and
human factors engineering. Other disciplines are represented in the work-
ing groups, workshops, and symposia organized by the committee. Each of
these disciplines contributes to the basic data. theory, and methods required
to improve the scientific basis of human factors.
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Summary

Systems in a variety of settings can be characterized by having a team
of operators, functioning for some period of time under relatively routine
conditions, then being abruptly confronted with abnormal and sometimes
emergency circumstances to which they must rapidly respond in an appro-
priate manner. We term these features the team transition situation, We
begin with some examples of these types of teams:

(1) The crew of a nuclear power control room becomes aware of a
transient event in the reactor and must attempt to establish the appropriate
procedures to maintain or restore plant safety.

(2) The crew of a commercial airline suddenly becomes aware of a
life-threatening malfunction. Again, the team (i.e., flight deck persotnel,
maintenance personnel, and air traffic controllers) must rapidly perceive,
problem solve, and respond to ensure the safety of the aircraft.

(3) Personnel in a hospital emergency room, on a quiet night, are sud-
denly tanfronted with victims of a serious automobile accident. Rapid
problem solving and perhaps prioritization of causalities must be coupled
with the precise exercise of procedural skills and coordination with the
emergency room staff.

(4) An emergency medical service (EMS) team is suddenly called on in
the middle of the night to make a helicopter flight to pick up a critically ill
patient. The weather is bad, and the destination is unfamiliar.

(5) An MIAI army tank crew stands ready and waiting at the edge of a
battlefield, its crew of four having waited in a state of combat readiness for



WORKLOAD TRANSITION

36 hours. Suddenly hostile shots land close by, and the crew must immedi-
ately become an effective fighting unit.

For many of these kinds of teams, there is evidence, both formal and
anecdotal, of failures of the team to effectively manage crisis situations.
Three Mile Island, the crash of Eastern Airlines LI0 11 into the Everglades
in 1972, and the Exxon Valdez incident are graphic examples. Against
these failures, however, may be balanced the many instances in which a
team has successfully managed the crisis, The ability of the pilots of the
United Airlines flight, which suffered a total hydraulics failure near Sioux
City, Iowa, is a salient example.

BACKGROUND

In 1988, in response to a request from the U.S. Army Human Engineer-
ing Laboratory, the Committee on Human Factors of the National Research
Council undertook a project to provide advice and guidance on the effects
of prolonged work underload on the subsequent performance of critical
tasks and on approaches that could be employed to offset or compensate for
decrements in performance that otherwise might occur, This information
was requested In anticipation of Army plans to develop tanks with smaller
crews than those currently found in MIAI tanks. Crew downsizing would
result in some tasks being automated or redistributed among remaining crew
positions. During active deployment, the reduction in crew size is likely to
increase workload, thus increasing the potential for performance failures
and errors unless compensatory measures are devised. A concern of the
Army was whether the response to high workload would be further exacer-
bated when it lfollows long periods of waiting.

Although the concept of workload transition has been given little, if
any, attention and even less research emphasis, it is neverthcless an impor-
tant problem encountered in many work settings such as those identified
above. This generic aspect of suddenly having to perform important activi-
ties after a period of relative or complete inactivity lends special interest to
IN- problem posed by the Human Engineering Laboratory. While some
underload Aituations may lend themselves to administrative solutions, the
uncertain environment of tank combat requires research solutions that iden-
tify thl;,s, technologies that may be used to offset the possibility of negative
CfftCLtS on performance.

The objectives of thi- study were to: (I) review the concept of work
underload and assess the state of resear'h knowledge and its effects on
subsequent high-workload task perrforniance: (2) evaluate the components
of the critical high-workload onset tasks to assess which components are
most likely to be vulnerable to decrements from prior underload or the
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sudden onset of workload; and (3) identify and evaluate techniques that
might be used by designers to compensate for, or offset, likely performance
decrements.

A cursory analysis of the work underload problem reveals that several
partially related domains of research are relevant to the problem: workload,
stress, sleep loss and circadian rhythms, vigilance, geographic orientation,
cognitive task management, decision making, crew communications, leader-
ship and team coordination, and training.

ANALOGOUS SYSTEMS

When empirical data are scarce, insight and advances in knowledge
may be achieved by sharing knowledge from similar systems or paradigms.
However, the application of conclusions drawn from one domain to another
must proceed cautiously and identify the ways in which the two domains
are similar or different, There are five general features of similarity in the
team transition process: time, structure of the event, environmei.t, personal
risk, and organizational structure. Time refers to the abruptness with which
a crisis transition unfolds, the expectancy or perceived probability that a
transition will occur, and the length of time that a crew must remain on
watch before an event may occur. The structure of the event refers to the
extent to which its nature is predictable and whether the desired response
can be effectively preprogrammed. The environment describes the physical
conditions, Personal risk is the extent to which the team is exposed to risk
or personal injury or death, both to themselves and to others, Finally,
organizational structure has three subcomponents: team structure or com-
mund authority, team integrity or continuity of team membership over time,
and autonomy or extent to which the team funcltions alone rather than in

close coordination with a higher organizational structure.
Characteristics of commercial airline crews. nuclear power plant cLon-

trol room crews, railroad freight train crews, merchant and military ship
crews, natural disaster relief teams, emergency medical services crews, and
trauma center and emergency room crews are briefly presented, followed by
a few cautious generalizations which can be extended to the tank environ-
ment. First, in each system, appropriate duty schedules are very important.
At present, these appear to be lacking in ship, railroad, and traurma center
systems, to name hut a few. In most of these systemi this factor has been
identified as contributing to numerous accidents,

Second, lack of a communication protocol appears to have serious con-
sequences on crew performanicc. Many crews operate in more isolation
than is advisable, When the triggering event is complex or unstructured.
continuous situation awareness in the pretransition period is likely to in-
crease the probability of more efficient and adaptive problem solving during
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the transition. This situation awareness is also likely to reduce the crew's
stress and perceived workload.

WORKLOAD

A characteristic of most post-transition periods is a large number of
task demands, often imposed with very severe time constraints. These tasks
are often characterized by the description of high workload. Although workload
and performance are clearly ielated, their relationship is much more com-
plex than originally thought.

From mission requirements and models of human behavior, nominal
workload profiles can be developed for different equipment and missions,
However, unexpected events, environmental stressors, and other factors may
alter significantly the workload a particular crew experiences. Considernble
research has been performed to understand, manipulate, and measure workload
of specific tasks or intervals of time. However, relatively little is known
about the effects of moving from one level of workload to another. Differ-
ent crews cope with such changes in different ways, but neither optimal
strategies nor the performance consequences of suboptimal strategies have
been identified. Regardless of the specific sources of workload, adequate
training and preparation, adopting strategies and tactics most appropriate
for the situation, effective leadership and effective crew coordination can
counteract some of the detrimental effects of imposed task demands, mov-
ing from one mode of behavior to another, environmental stressors, and
fatigue.

STRESS

The post-transition phase will impose a substantial degree of stress,
incorporating time pressure at a minimum, but also danger and various
other environmental stressors. Stressors may include features of the work
environment such as noise, vibration, heat, poor lighting, toxic substances,
and acceleration, as well as psychological factors such is anxiety, fatigue,
and danger. These stressors may have different ,manifestations: subjective
experience, physiological change, and performance decrements, The differ-
ential effects of many environmental factors have been demonstrated on the
performance and physical workload of various types of tasks. Psychologi-
cal stressors related to danger and anxiety have also been associated with
specific changes in cognitive processes. Stress, similar to workload, has
been found to interact with a host of factors and affect performance in
complex ways; however, there are a variety of techniques that may be adopted
to minimize the degrading effects of stresis on human performance: design
solutions, the use of strategies. and training.



SUMMARY 5

SLEEP DISRUPTION AND FATIGUE

Performance following workload transitions is affected by three factors
related to the daily cycle of sleep and wakefulness: a 24-hour circadian
rhythmicity (indexed by body temperature), sleep deprivation, and sleep
inertia. Psychomotor and cognitive performance on a variety of tasks in
round-the-clock operations is at its worst during nighttime hours, generally
reaching a nadir just before dawn. Circadian variations in alertness, cogni-
tive performance, short-term memory, sleep tendency, spontaneous sleep
duration, awakening, and rapid eye movement sleep propensity all remain
closely coupled to the body temperature cycle.

Many studies have documented the deleterious effects of both sleep
loss and misalignment of circadian phase on performance and safety. Tasks
that require consistent, sustained alertness or perceptual-motor activities
were found to be most sensitive to sleep loss in a 48-hour field test- and
self-initiated activities, such as planning and maintaining situational aware-
ness, degraded most quickly.

There is no known technique available to sustain human performance at
an acceptable leel for 72 continuous hours; however careful planning can
result in the development of countermeasures, such as caffeine and other
stimulants, increased physical activity, naps, monetary incentives, diet, and
intensive social contact that can reduce the impact of sleep disruption on
the performance of crew members. While these techniques can mitigate the
deterioration of performance on the first night of sleep loss, none is effec-
tive in overcoming the impairments of performance that occur on the sec-
ond or third nights of continuous operations.

VIGILANCE

A large portion of the responsibility of armored vehicle teams, and
indeed the teams of many analogous systems, prior io transition is simply to
monitor the environment for events that might signal the need for the team
to mobilize into action. This is particularly true for gunners who bear the
primary respotnsibility for target acquisition. Several factors are identified
that might affect the vigilant behavior of armor crews: psychophysical
variables (the modality. conspicuity Mnd probability of signals, nonsignal
event rate, task complexity), environmental variables (noise, vibration), and
operator state (sleep loss, task-induced stress).

Although there is considerable literature on vigilance, very little infor-
mation is available on the effects of' transitions on vigilance performance.
Studies to examine this varied event rate or dual task load to produce transi-
tions in workload. Evidence suggests that performance suffers following
transitions, relative to steady-state workload conditions. A number of gen-
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eral approaches for enhancing the quality of sustained attention in opera-
tional settings have been suggested. including reductions in signal uncer-
tainty, the moderation of environmental sources of stress, and training.

GEOGRAPHIC ORIENTATION

There is a strong similarity in factors related to geographic orientation
between tank crews and helicopter pilots, both of whom often operate in
environments in which there are no explicit visible or electronic routes to
follow, Local terrain features may obscure their view of significant land-
marks, making it difficult to relate local terrain features to a more global
context, Because electronic aids must have a line of site with the target and
tanks have few navigation instruments, helicopter and tank crews must cor-
relate features viewed in the external scene or described by other crew
members with those depicted on paper maps. This may require mental
transformations and rotations and accurate estimates of speed and distance
traveled to determined when a landmark should be visible and when choice
points have been reached or missed. The difficulty of maintaining geo-
graphic orientation depends on the availability and visibility of distinctive
landmarks, familiarity with the area, and the adequacy of maps, premission
planning, and crew coordination,

DECISION MAKING

Team decision making depends jointly on the decision-making capabili-
ties of the team leader and on information flow. Analysis of decision-
making studies reveals that shortcomings in decision making may result
from limitations in a number of the processes necessary to execute a deci-
sion, from initial information gathering to final choice. In order to he able
to make a good decision, one must have good situational awarenless. Dcci-
sion makers bring with them a numlber of biases and heuristics. including:
(I ) salience bias-the tendency to focus on the most salicnt cue. rather than
that which may be most informative and diagnostic: (2) avatilability heuris-
tic-the tendency to base one's actions on the hypothesis that is most avail-
able in memory; (3) anchoring heuristic--the tendency to stay with a cur-
rent hypothesis and inadetluatcly consider new int'urmnttion that might shift
one's beliefs in favor of a different hypothesis: and (4) confirmation hias--
the tendency to s;eek new intformation that supports ole's currenltly held
hypoihesis and to ignore or inadeqattely weigh informat ion that m110y sup-
port an alternative hypothesis.

To counteract the limitations of humant decision making, four general
remediation solutions have been proposed: computer-based decision aiding,
debias training, domain training, and development of team cohesion.
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STRATEGIC TASK MANAGEMENT

Strategic task management involves several components, One conmpo-
nent is the switching between tasks or between different strategies in per-
forming a task. Research in basic laboratory environments suggests that
this switching can be done rapidly anid efficiently. and that dif'ferences be-
tween people in switching speed can predict differences in performance in
complex tasks such as driving or t'lying. The speed with which activities
can be initiated depends on expectancy and the degree of uncertainty of
possible alterna~ive activities. Action can also be stopped rapidly, although
under high stress there may be a tendency to inhibit action stopping or
switching. That is. activities may persist longer than they should.

Another aspect of strategic task management is the management of ta.,;k
priorities: addressing high-priority tasks before those ol lower priority.
Effective management depends, in part, on1 good situation awareness: knowing
what tasks are currently in the queue that need to be done, Studies of task
priority management indicate that people are good but not perfect in manag-
ing tasks, Some aircraft accidents result from neglect of high-priority monitoring
tasks, such us monitoring altitude. When task demands change, people are
not always very good at rescheduling their activities, and there is a ten-
dency to procrastinate in performing some tusks. Preview of upcoming task
demands appears to improve tusk mnanagement skills.

TEAM LEADERSHIP AND CREW COORDINATION

Optimal team performance during a work load t•'ansition depends heavily
on effective crew resource management--personnel within the team1 shiaring
in lormlation efllecti vely and coord I nathig their nioniitalring and task pert or-
malnce2 responsibilities. A breakdown inl leadership and cootrdination aonltg
cre w memnbers iiia• resul I in flJa.wed dec isioti mainiklg and inipiope ~r act ions.
The imupact of aiutomation onl red ced'c crcew coilplemnt anliid the role of
persolnality I'.tctors, a~s deteran nants of ciew l~erforln1al~cc are' issues• thati ced
to he fuirther addressed.

C._ornmunicatiions is another variable that impacts crew performncell.'c
Standardiziing anHd restricting vocabulary. presenting redundantl inlWrornat ion
te~g., presentinlg the same inform~ation both visually and auditori ally), and
scriding matny short mlessalges rather thanl felwer lonlg Ole: all I'o.lcr good
comml unicatlions by reducing the possibility of coinfusion or an is inioilpreia -

tion. Research indicates tha: effective crews exchiange informlatioin aild use
avaihlble i'e:;ource•; better than none.,lectlive ones.

Giiveni that the crew leadler hears aultimlate i'espoiuisihilIity lor' the crew's
perf'ormlance and ,safety, lie or she i.s the mnost imprortant s•ingle comlponentl
of the crew, Two leader behlavior patternls have been lround to he. thlt soulrce ..
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of poor crew performance: (1) autocratic behaviors that inhibit communica-
tion from subordinates and (2) failure to coordinate andi guide actions of
crew members.

TRAINING FOR EMERGENCY RESPONSES

Given that the final design of the tank or any other system takes into
consideration all of the above factors, adequate training is essential to en-
sure effective performance, with acceptable levels of crew workload, Initial
training introduces crew members to the tasks they will perform and pro-
vides instruction and/or practice in conducting specific elements. Unit training
provides additional u:xperience, places task components in context, and pro-
motes team skills. Extended practice enables parallel processing and the
development of alternative strategies azid reduces the need for much con-
scious decision making evident early in practice. For example, psychomo-
tor skills progress from continuous, conscious error correction and compen-
sation to the execution of well-learned, automatic motor programs.

Training and experience facilitate the development of mental models
that enable the prediction of future states from present evidence and frees
operators from the need to monitor status displays continuously. Experts
are more likely to perceive task goals and performance criteria correctly.
thinking in terms of largcr units of activity than novices. They complete
subtasks without conscious attention, recognize patterns of information, and
initiate action sequences with single decisions. They can use established
patterns off motor responses, efficient strategies, and exert timely trnd uppro-
priate effort. Finally, experts are likely to notice and recover from their
own errors and system failures earlier and more easily than novices. All o1'
these differences between novice, or less capable, operators and expert, or
more capable, o~perators determine the workload cost of achieving the same
level of performance and may establish thle maximumnleIvel, of perfo~rmance
that can he achieved, regardless of thle effort exerted. For example, if
routine tasks are pe~rformed autoniatically and correctly, additioz.:il reso•ur'es
will he available to perform nonroutine tasks.

Training and specific skill acqui::ition extend an individual's capability
to} handle workload; however, certain contributors to high workload, suchl as
the necessity to perceive faster. are not atmenable to• training. Many of these
factors are related to• and litnited by cognitive abilities oft the individual.

The specific pert'ornmnce requirements for ,lank crews span the con-
tinuum tromi performance of complex, prohlenm-solving tasks to routine,
procedural tasks. For example, the tank crew should be capahle of perfo~rm-
ing certain tasks az',tomat ically, while thle commander must po>ssess the flex.-
ible adaptabilit y to apply iiul tidinmensionaf thinking and decision making~
when appropriate. The training (denand~s for these two) ire ver'y different.
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To perform in an expert fashion under stress, commanders and crews
must have a thorough understanding of the system, should have automated
the lower-level procedural skills required to respond appropriately, and must
be able to respond to unique circumstances. The primary decision maker or
commander must have the opportunity to practice emergency problem solv-
ing ard decision making, as well as routine proceduralized tasks. Practice
under realistic, challenging conditions will allow better use of mental re-
sources for the nonroutine elements of the emergency situation.

Three training approaches have particular relevance for the training of
crew members who may be required to respond to emergency situations:
Simulation networking (SIMNET), embedded training, and crew resource
management (CRM) training. SIMNET allows individual crew niemners
through battalion commanders to practice tasks and roles in a realistic,
complex simulation environment necessary to develop the appropriate skills,
The technology of embedded training allows individuals to practice proce-
dural tasks in the operational environment, CRM training focuses on thr
crew's managenment of resources and communications.

RECOMMENDATIONS FOR RESEARCH

In carrying out its charge, the panel identified existing research results
that could be applied and research that needs to be conducted to answer
important questions and inform operational policy, A large number of rec-
ommendations appear throughout the report, but those considered most im-
portant are identified below, Recommendations tor research appear first,
followed by recommendations for the implementation of research results.

Research Recommend tions

* The ef'ects of such factors as speI-acHurtLcy tradeoffs, task schedul-
ing, and tusk duratiOn on operator performance under different levels of
workload are not well defined and need additional research.

• More rescarch is needed on team workload nianawzerent strategies
and their eft'LcfiVC11CSS, such as the effect Otft teammate coopera,;on on per-
formance.

. More research is needed rto identify the joint effects of stress, fa-
tigue. training, crew coordiaition, and environmental stressors on operator
workload in tran:sition situationý,

* Quantitative scales to rate the attributes that cali be placed on the
different worklotd drivers for the development of predictive workload mood.
els need to be developed.

* Continued research and development to v-1idate global o, .1otdels
of human performance in complex systems arc needed.
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• The tradeoff between cost% and benefits of automation needs to be
examined in this environment.

• Research should be conducted on the effects of stress on communi-
cation.

• Research is needed on the minimum nap time necessary to prevent or
mitigate performance degradaions.

"• Research is needed on the effects of team monitoring.
"• More research regarding the effectiveness of debiasing needs to be

conducted,
• Additional research is needed to identify the speed, strengths, and

limitations of activity switching in high workload/high str.ess environments,
especially the extent and prevalence of cognitive tunnel vision.

* Research is needed to examine the impact of partially reliable pre-
Vie w.

• Research on task rescheduling according to an optimal prioritization
scheme needs to be conducted.

0 Research is needed to examine the factors that enhance crew com-
patibility and productivity as well as the individual characteristics that pre-
dict how an individual and team will function productively,

6 Additional areas for consideration include assessment of the social-
psychological impact of autumation and reduced crew complement and an
investigation of the role of personality factors as determinants of crew per-
formance.

* Research is needed on the impact of' stres:; on task performance un-
der varying degrees and types of training.

* Research is needed for the validation of training approaches against
performance in a combat-like environmeut.

Application of Research Results

* Adequate training and preparation. adapting strategies and tactics
niost appropriate for the siatlion, effcetiv, leadership. atid smooth crew
coorditv•tion could counteract some of the detrimental effects of imposed
task demands.

* In order to bettc atiapt to the transition situation, designi sohltions
and pers~nal solutions need to be identifieu and employed. For example,
design solutions would include the following:

using Familiar elements and eliminating nonessential ones.
displaying information that is directly necessary,

- highlighting informnaticn,
- integrating display,,.
-- making on-line emergency rrocidures brif and .,uccinct, and

providing procedural instructions that are phrased aLs actiors to be
taken, not as irohibited actions or system state descriptins.
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Personal solutions include the following:
-preplanning, anticipating, and rehearsing actions to be taken un-

der stress,
-employing cognitive approaches to stress might be taken, i.e., providing

information, and
-using team-building and environmental buffers to minimize com-

munication problems.
" To minimize some of the physical stress and discomfort:

-- tighte'r, more comfortable headgear should be developed,
-the displays and controls should be analyzed and rearranged,
-the placement and design of the radio equipment should be exam-

ined.
-shock isolation, such as seat shock absorbers, and personal re-

straintti should be used, and
-temperature extremes should be eliminated.

"• A duty schedule, with special attention ti the cycle time, is essential
to good crew performance.

* Sleep periods should be mandated and enforced, especially for op-
erators who perform low-level vigilance monitoring tasks or complex cog-
nitive tasks.

* Preemptive naps should be scheduled in a staggered manner across
time and crew members.

* Countermeasures for sleep loss (e.g,, stimulants, increased physical
activity, naps, monetary incentives, diet. and increased social activity), which
are not effective after the second or third nights of continuous operations.
should not be used.

0 A minimum level of' comfort and darkness for sleep should be pro-
vided.

* Computer assistance would assist target detection, because human
monitors need adequate sleep.

0 Designers should try to provide simultaneous-type displays for target
acquisition functions.

. Cicws should be instructed on the biases and nonopuimal strategies
of their vigilance functions to optimize their response strategies.

0 Crews should bc trained with target cueing or with knowledge of
results in tasks requiring sustained attention.

0 Crews should be provided with accurate, possibly electronic, naviga-
tional information.

* Navigational systems should support north-up (to facilitate mission
planning and communication between individuals who do not share the
same perspective) and track-up (to facilitate wayfinding. locating targets.
and communication between individuals who share same perspective) map
formats.
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• Both planned route and current popition should be displayed on the
maps.

* Design efforts must address the potential confusion of the source ofl
communications under high workload.

"* Teams should maintain their integrity over some period of time.
"* Crew composition, which has been found to affect performance, has

three possible solutions:
-crew resource management training,
-select out operators who have been found to inhibit the develop-

ment of effective communication, and
-crew composition/creation.

* In training, repetition is needed, and a greater variety of tasks need
to be practiced.

o Training to the point of automatic processing for proceduralized tasks
is required.

• There should be maximum utilization of SIMNET.
• Emergency problem solving and decision-making management needs

to be practiced.
• Emergency problem solving must be trained first in a tionstressed

environment,
• Fault diagnosis must be taught in complex systems,
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Team Transitions

Across a wide number of different systems in our society a common
situation may be found: a team of operators, functioning for some period of
time under relatively routine conditions, is abruptly confronted with abnor-
mal and sometimes emergency circumstances, to which they must rapidly
respond in an appropriate fashion. We call this the team transition situation.
Let us consider a number of diverse examples. to realize the importance and
ubiquity of this situation.

(1) The crew of a nuclear power control room becomes aware of a
transient event somewhere in the rcactor and within minutes (or even sec-
onds) must try to establish the appropriate procedures to restore or maintain
plant safety. This process may sometimes require a high level of cognitive
activity as the nature of a fault is diagnosed (Rubinstein and Mason, 1979).

(2) Closely parallel to the nuclear power plant incident is the response
of the crew of a commercial airline. which sudJenly becomes aware of a
life-threatening malfunction-the loss of an engine or, in the case of United
Airlines flight 232, complete loss of hydraulic power near Sioux City, Iowa
(Predmore, 1991). Here again the team (flight deck personnel working with
air traffic controllers and maintenance personnel) must rapidly perceive the
problem and engage in problem-solving behavior to ensure the safety of the
aircraft.

(3) On a quiet night, personnel in v hospital emergency room are sud-
denly confronted with the victims of a serious autormobile accident. Rapid
problem solving and perhaps prioritization of possible causes must be coupled

13
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with the precise exercise of procedural skills and coordination with the
emergency room staff.

(4) A firefighting unit is suddenly called to a multialarm blaze in the
middle of the night. Multiple units arrive on the scene wl'hin minutes and
find themselves confronted with a burning chemical plant with potential
toxic and explosive material (Klein, 1989).

(5) Shipboard personnel respond to an explosion that not only results
in a fire that they must combat, but also destroys the integrity of the hull
and therefore the seaworthiness of the vessel (Wagenaar and Groeneweg,
1988).

(6) A tornado, hurricane, or earthquake severely damages a commu-
nity. Within minutes or hours a major disaster relief effort must be mobi-
lized to care for wounded and homeless residents and attempt to restore
necessary services.

(7) An emergency medical service (EMS) team is suddenly called on to
make a helicopter flight to pick up a critically ill patient, The flight will
take place at night, in bad weather, to an unfamiliar destination.

(8) Finally, an army tank crew stands ready and waiting at the edge of
a battlefield, its crew of four having waited in a state of combat readiness
for 36 hours. Hostile shots suddenly land close by, and the crew must
immediately become an effective fighting unit. The situation confronted by
this crew will provide the focus for much of the material in this report.

BACKGROUND

The Army plans to develop tanks with reduced crew sizes. To do this,
tasks now performed by at least one crew member will be automated or
redistributed among the remaining crew positions. During active deploy-
ment, the reduction in crew size is likely to increase workload, thus increas-
ing the potential for performance failures and errors unless compensatory
measures are devised.

Aside from a potentially high combat workload, the tank crew of the
future may be faced with the additional problem of a long period of work
underload and inactivity prior to active engagement in combat. Military
doctrine calls for crews to remain with their tanks for periods as long as 72
hours before being called into combat or withdrawn. During such a pediod
of passive waiting, the tasks of the crew will consist mainly of monitoring
communication channels and visual displays, sleeping, and so forth. This
period of low-level alertness may suddenly he followed by a high level of
activity, when the order to engage the enemy is received. At this juncture,
when stress and workload are high, decrements in the ability to focus atten-
tion, to implement and prioritize activities, and to retain information in
short-term memory may be differentially impaired.
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The U.S. Army Human Engineering Laboratory requested that the Corn-
mittee on Human Factors conduct a study to provide advice and guidance
on the effects of prolonged work underload on the subsequent performance
of critical tasks and on approaches that could be employed to offset or
compensate for decrements in performance that otherwise might occur. Given
descriptions of the critical tasks required of each crew member at the onset
of combat, the study had three objectives:

(1) To review the concept of workload and the state of research knowl-
edge of its effects on subsequent high workload task performance;

(2) To evaluate the components of the critical tasks at combat onset to
assess which components are most likely to be vulnerable to decrements
from prior underload or the sudden onset of high workload; and

(3) To identify and evaluate techniques that might be used by future
tank planners and designers to compensate for, or offset, likely performance
decrements.

To obtain further information about the issues involved, staff received
an orientation on current tank design and discussed the potential problem of
underload followed by overload. Individuals with expertise in workload
were then contacted to obtain their views about the effects of underload on
sudden performance of important tasks. It was the consensus of those
contacted that, while the concept of work underload-overload transition has
been given little, if any, attention and even less research emphasis, it is
nevertheless an important problem encountered in many work settings rang-
ing from naval patrols in enemy waters (e.g., the Persian Gulf) to rescue
squads and other public emergency service workplaces. However, fmr the
purposes of this study the tank crew is the predominant focus.

TEAM PERFORMANCE DURING TRANSITIONS

Although there are many case studies of situations in which teams, failed
to perform effectively when faced with an abrupt transition from one level
of workload to another, little research has been performed to examine team
performance under such circumstances. The Three Mile Island incident
(Rubinstein and Mason. 1979) and the grounding of the ship Exxon Valdez
(National Transportation Safety Board, 1990) are examples of situations in
which a team failed to respond appropriately. At other times, crews have
porformed these functions routinely and professionally, reflecting the fact
that most such transitions go unnoticcd. At still other times, the heroic and
effective efforts of teams in times of crisis are worthy of note. liere the
recent performance of the crew of Llnited Flight 232 can be singled out in
bringing the severely crippled airliner, without its steering control, to the
ground (Piedmore, 1991).
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The point here is not to argue that performance in team transition aitua-
tions is either exceptionally good or exceptionally poor. Rather, it is to
suggest that there is a confluence of elements defining a large class of
events, which potentially impact tile health and safety of a large number of
people, about which litde is known. Transition situations are characterized
by: (i) a team of people who must coordinate and communicate; (2) an
event that occurs at an unexpected time following a long duration of wait-
ing; and (3) the impact of the event that may produce (a) substantial risk to
the health and safety of the team and possibly others; (b) an increase, or
qualitative change in workload; and (c) a concomitant increase in stress.

This chapter briefly describes the duties of the tank crew and the char-
acteristics of the tank environment. It provides an operational context for
the in-depth analysis of human performance problems with teams in transi-
tion that are treated in subsequent chapters, The chapter ends with an
overview of some of the main features of the transition process.

CREW PERFORMANCE REQUIREMENTS

The duties of the four members of a tank crew (commander, gunner,
driver, and loader), as well as the operators of many complex systems, may
be grouped into seven categories: (1) planning, preparation, and organiza-
tion; (2) monitoring; (3) information seeking; (4) decision making; (5) main-
tenance; (6) control and operation; and (7) communications. The require-
ment to perform each of these functions varies between mission segments
and between crew members. Principles drawn from previous research can
be used to develop an expected workload profile for each crew member and
mission phase. However, unexpected events, emergencies, or the incapaci-
tation of one crew member can alter the workload that the crew actually
experiences.

Planning and Preparation

Before a mission or engagement. planning and preparation are the pri-
mary sources of workload for a tank crew, particularly for the tank com-
mander. The lead time for formulating plans may be hours or even days.
Plans are developed at every level of command and transmitted down the
chain of command through briefings, written orders, or radio transmissions.
Planning is based on intelligence reports, which may or may noL be current,
and is driven by military doctrine and strategic goals, This type of planning
is generally more self-motivated than event-driven, and it may or may not
occur under external time pressure. It' planning and preparation are suffi-
cient, then performance during the subsequent engagement or mission is
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more likely to be acceptable. If events occur as expected and if few changes
in the plans are required, then the workload of individual tank crews will be
much lower than if planning is insufficient or inappropriate.

During an engagement or once a mission has begun, planning and preparation
occupy less of the crew's time. Previously developed plans have estab-
lished the goals and tactics that are followed, at least until events occur that
make these plans inoperative. At this point, individual tank crews may have
to act independently, and control begins to shift down the chain of com-
mand. The need to change the plan or develop a new plan is driven by
rapidly evolving events external to the tank (see Chapter 9). However, an
individual tank commander's knowledge of the global situation may be
extremely limited at this point; and less information is available up the
chain of command about the position, status, and intentions of individual
tanks or units. When planning and decision making must be performed on-
line, time pressure may be acute, and the plans that are developed tend to
focus on immediate events, rather than long-term strategies. The workload
of planning in real time is high.

Routine Monitoring

Before a mission or while preparing for an engagement, tank crews are
responsible for some typei of monitoring (see Chapter 6). The crew of each
tank must stand watch, and members of a unit share the responsibility for
mutual security. If the proposed reduction in tank crew complement occurs,
standing watch will require more time for the remaining crew members,
further contributing to fatigue problems already encountered in the field
with crews of four (see Chapter 5). Most of the monitoring activities asso-
ciated with the tank and its weapons systems are preventive. In general,
premission monitoring is of relatively long duration, self-motivated (rather
than driven by changes in the situation), and precautionary.

During a mission, continual monitoring is required to maintain situ-
ational awareness (see Chapters 7 and 8). The situation may change very
rapidly and tank crews must rely on their own assessment of the local
situation rather than on formal briefings. Thus, monitoring activities im-
pose silificantly higher workload during a mission than before. When the
tank is moving, the driver is responsible for monitoring the state of the
vehicle, the gunner is responsible for monitoring the weapons systems: the
loader is responsible for monitoring ammunition supplies; and the tank commander
must monitor the global situatiot. inside and outside the tank. Each member
of the tank crew must ensure that the others are aware of relevant informa-
tion. The tank commander must transfer such information to other members
of the unit and up the chain of command.
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Maintenance

Before a mission, tank crews devote considerable time to maintaining
their equipment (e.g., the tank, weapons systems, personal equipment), themselves
(e.g., resting, eating), and resupply. These activities are generally routine,
established by procedures and schedules. Depending on the time pressure
under which these tasks are performed, workload may be very low or mod-
erately high. Each crew member has specific duties that must be performed
at regular intervals. The tank commander is responsible for ensuring that
each crew member has completed his duties, as well as performing his own
duties. He is also responsible for ensuring that each crew member has
sufficient rest and food. If a defensive position is being established, the
driver and loader may experience relatively high physical workload while
positioning and concealing the tank.

The primary difference between maintenance activities performed be-
fore hnd during a mission is that the former are routine and proceduralized,
whereas the latter are performed in response to problems or driven by events.
During an engagement, only the most critical maintenance or repairs are
performed in response to an urgent need. Rest and meals no longer occur at
regular intervals or according to a schedule, but rather when the situation
allows. Resupply becomes far less predictable as well: tank crews may
have to make do with what they can carry with them for extended periods of
time. Because maintenance performed during a mission is generally not
routine, it is likely to impose higher workload. Furthermore, the support
system available to facilitate maintenance before a mission may not be
available once an engagement begins.

Information Seeking

Before a mission, intelligence briefings provide the primary source of
information. The plans and strategies that are evolved are relatively static
(although they may change as new information is received). If adequate
briefings are given, crews within a tank, unit, or company share common
information about the situation and each other's intentions. During this
phase, situational assessment is primarily predictive in nature.

During a mission, the situation is no longer static, and gathering infor-
mation about friendly as well as enemy forces is more difficult. Informa-
tion transmitted by radio between tanks and intercom systems within a tank
may be piecemeal and confusing. Each tank commander must update his
mental model of the situation by piecing together incomplete information
from a variety of sources and transmit relevant infoimation to members ol'
his crew, the unit, and up the chain of command. Obtaining information
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directly from the surrounding environment becomes an important element
of the crew's duties during a mission.

When the tank is moving, remaining geographically oilented is criti-
cally important. imposes higher workload, and is more compensatory than
predictive (see Chapter 7). The tank commander and driver must work
together to correlate the visual scene with information on maps to determine
their current and projected position. The tank commander must work with
the gunner to identify and classify targets as they ate observed and transmit
information about their location. All of these information-seeking, inter-
preting, integrating, and sharing tasks are performed under time pressure
and stress with only minimally sophisticated instruments. Thus, workload
is much higher and performance may suffer. Uncertainty and complexity
are greater, information quality is reduced, interruptions and interference
are common, and the crew has little control over the rate or sequence of
events.

Decision Making

At each level of command, the leader must select an appropriate strat-
egy, given the mission goals and current situation, and adopt tactics that
support the selected strategy. He must determine and convey the tank's
position, situation, intentions, and ability to execute the original plan up the
chain of command. If a tank's current position puts the crew in jeopardy or
the crew will not be able to achieve its assignment, the tank commander
must select a new position and the safest route to get there.

If failures occur or if the tank is hit by enemy fire, the commander must
determine the extent of damage and choose the most appropriate action,
based on status reports from the crew. Furthermore, the act of classifying
and prioritizing targets and selecting the most appropriate weapons is an
important decision that can affect the degree to which a tank succeeds or
fails in accomplishing its goal and maintaining its security.

Control and Operation

Before a mission, tank control and operation of weapons systems plays
a very small role in a tank crew's workload. Depending on whether a
defensive or offensive position is being established, the crew may or may
not have to move to a new positiot. However, this activity generally fol-
lows a well-specified plan and may impose relatively low workload.

During a mission, however, the tank may move rapidly over unfamiliar
terrain. Vehicle control demands most of the driver's attention and consid-
erable attention from the tank commander. The task is dynamic and unpre-
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dictable and can impose relatively continuous workload. Workload is in-
creased further if visibility is limited by terrain, weather, smoke, or restric-
tions in forward visibility and field of view when the crew is closed up in
the tank. The gunner is responsible for locating and aiming at targets with
the primary weapons systems, although the tank commander shares this
responsibility. The primary source of workload for the gunner in this phase
is determining the range of a target and aiming accurately, while verbally
coordinating his actions with the loader, the tank commander, and the driver,

Communications

Both before and during a mission, radio communications among tanks
and intercom communications within a tank may impose significant workload.
Before a mission, however, considerably more information is transmitted
face to face through formal and informal briefings. This type of interaction
is not possible during a mission, when the radio is the only link between
tanks and when noise and physical separation between crew members makes
direct verbal interactions difficult (see Chapter 8). Particularly in the midst
of a battle, communications between and within channels may overlap and
transmission clarity is reduced. Although the format of transmissions is
highly stylized, the content and organization of messages transmitted under
stress is less than optimal, therefore increasing the workload of the recipi-
ent. During a mission, communications are likely to focus on the imnmcdi-
ate situation only. Particularly for the tank commander, monitoring the
radio and transmitting information impose a significant amount of workload
during a mission. Within a tank. the shared intercom frequency not only
facilitates coordination, but also creates a significant monitoring demand
for all crew members. Both before and after transition, the efficiency of
communications and the coordination of coopen•tive actions may he gov-
erned very much by the leadership offered by the tank commander ,see
Chapter 10).

WORKSTATION CItARACTERIS'J ICS

The physical environment of the tank crew establishes the context within
which the above-mentioned aspects of performance are carried out. Crew
workstation design has the potential for either enhancing or degrading crew
performance. The M IA I Main Battle Tank is a 60-plus ton mobile work-
place for its crew members dFigure LI,), Accurate wcapons delivery is its
primary purpose. Most of the design emphasis has thus been placed on
propulsion, armor, and fire control systems. In an effort to produce a safe,
cir at least survivable, battlefield environment for crew members, the tank
has been designed to be extremely mobile, present a small target to cnemies,
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FIGURE 1.1 Photo of an MiAi Main Battle Tank, Courtesy of the U.S. Army
Human Engineering Laboratory,

provide a structurally sound shield against enemy ordnance, and provide a
capsule that can be sealed against chemical/biological weapons (referred to
as •nuttoned up"). The crew workstations inside a tank (see. for example,
Figure 1.2) are well defined, as are the normal work tasks of eat'h crew
member. There is one workstation for each of the four crew members.
Each workstation consists of a seat and the displays, controls, and weapons
that are required tar the crew member to perform his job function.

The driver is stationed in the front of the tank, beneath the main gun
and turret. His seat is recumbent with a movable headrest. The steering
yoke, throttle, transmission, and brake controls are positioned at the front of
the driver's workstation. The driver is responsible for monitoring all engine
parameters as well as the status of the hydraulic systems in the tank. He
can look outside the vehicle by placing his head through a hatch in the tank
deck. When the tank is buttoned up. the driver sees the outside world
through three fixed vision blocks (narrow windows with ballistic glass) that
are 7 1/4 inches long and I 3/4 inches high built into the hatch cover.

The other three crew members are statioted inside the turret of the
tank, The loader's workstation is just to the left of the main gun breech.
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FIGURE 1.2 Top-down view of the tink commander's workstation in an M IA I
Main Balttie Tank, Courtesy otf the US. Army Human Engineering Laboratory,

His seat is oriented slightly sideways to allow himi to take ammflunition fronm
the storage locker oin his right (at thle rear- atthe turret) and1L transfer it to the
nviin guin breech on his left, When the main gun is fired, thle recoil causes
the breech ito nioe hack ward in the WI urr. The loader in uIS1 move his legs
and other appendIILageS O111 oll tile way of t.his recoil. A hatch is located
directly above his head, When the tank is open hie can see theC outs-ide World
through the hatch by standing on i his seu t. Whenl thle (1a1k is huttloiicd upll
the loader views thle OotSide world through vision blocks.

The guniner has the miost complex work. tation in the tank because hie
has been pros ided with the most advanced technology, lie is positioned to
the right of' the main gun and si "lilly below the loader's level. Hils Work-
station consists 01' at Seat and all , , aimling and other firte control SY sicols inl
the tanlk. Inl addition to [lhe main sightinlg systeml tihe glunner's workst at ion
includes an1 a1Imsilkiry Sighting system, a laser ranlgelinder, a thettull~ imimaging
System, and a ballistic fire Control computer. Vihe gumnner has tilie main
responlsibility for a1C~LtOring targets visually, tracking teicili with thle aiming
System, amdj ustin ill ay firme Control soIlutions ill tile CotLhputer and fi rinlg thle
malin gL mm. Thle gunner is second-ivi-Lcommiand of' thie tank crew, hie takes
OVe ' in the event that the tank commander1(10 is unable to functimon.
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The tank commander's workstation is located directly behind and above
the gunner. It consists of a seat, all communication controls, the controls
for actuating certain auxiliary armaments on the tank (e.g., grenade launch-
ers, smoke generators, and chaff canisters), and a main gun firing mecha-
nism to be used if the gunner's main firing switch is inoperative or the

,utuw t disabled. The tank commander is responsible for the overall
operation ,)I the tank and its crew. fie is directly responsible for the tactical
movement and placement of the tank, selection of targets, decisions about
the type of ammunition to be used, the final decision to fire the main gun,
and all communication with both his counterparts in other tanks in his
platoon and the higher command structure.

Several aspects of tank crew workstations fall short of acceptable hu-
man factors design criteria. One characteristic common to all four worksta-
tions is the lack of seathelts oi any other mechanism (such as pneumatic
chair suspension) that might counteract the sudden !ind strong accelerations
associated with vehicle movement. The driver's seat is the only one in the
tank that is recumbent, allowing the driver to recline. The driver's scat
provides much more body support than the other seats in the tank. This
sapport, together with the availability of structures that allow the driver to
brace himself for sideways accclerations, allows the driver to function un-
der much higher accelerations than the other crew members. It is a com-
monly accepted fact amotng tank crews that a driver can operate the tank in
such a manner as to cause injury to the other crew members while causing
none to himself.

At least two of the tank crew workstations have obvious problems with
the placment of controls and dis* )lays. In the driver's workstation, the
steering and propulsion controls are well placed, allowing the driver to look
outlside the vehicle and steer the tank much like ani. iuttttiobilc whein the
tank is not huttone1d up. In ml1[,n1Y Cas.s,. he ntilcst rely on Ihf contenander's
verhal steering commands and drive blind o)r' drive with oflset eyepoint (i.e.,
siniilal to0 using J pcriscOpc 1o sec the outside worll), IHowcver, miany of
fie displays that the dl'ivcr is supposed to monitor arc placed orthogonal to
his line of vision, so that lie must lean foriward a;nd look sideways to see
them, In tile gariner's workstation, the main gansigSht is cCntrally loca1ted in
the gunner's field ol vision and well within his reach, llcwever, other
components, mlolst notably the fire colltrol copllutelr Console, areC placed in
extremely awkwvid locations.

Anmothcr co•nilon workstation dlcsign problem concerns ingress and etress.
It is quite diffictult to gel into arnd out of crtaiii crew m•• minher -:•irkstahoions.

'[he gunner's station is probably the 111oSt difficult to get into and out of.
Jince it has no direct halch access. The gennet Must Collie through tfie lank

comm1111ander's or the loader's hattch and Ihen thread his way dowhi into his
worl statiion, Such access problems are a direct result of' competing desi•,t
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goals. As mentioned earlier, tank designers endeavor to make thv tank as
small as possible, as fait as possible, and as powerful in firepower, as
possible. Crew member workstations are probably relegated to a fairly tow
priority in the overall design scheme.

,'RAMEWORK OF THE REPORT

Given this description of the tank environment. features of which are
elaborated in the report, we now turn to Figure 1.3, which pro'vides a frame-
work for the report. It describes the variables that characterize the transi-
tion to action, the performance variables that are most affected by the tran-
sition, and the variables that moderate the effect of the transition on performance
and cognition. As mentioned before, this report focuses its attention most
heavily on a single system-the tank and its crew-that we see as proto-
typical of many of the othei systems in tansition to ýe described in Chapter
2. It is our hope in doing so that - t shall; (a) provide specific guidelines
for human performance modeling andJ human factors engineering in the tank
environment, (b) provide conclusions and offer a data base that will gener-
alize to other teams in transition, and (c) stimulate research that may gener-
alize to all such teams.

Feur key changes characterize the transition (Part A of Figure 1.3): 1)
psychological stress level, a qualitative change frum the anxiety and fear of
waiting to the high workload, time pressure, and mortal danger of the battle:
(2) environmental charige from quiet to noisy and possibly clear to smoky;
(3) cognitive mode changes from a good deal of proictive planning and
routine following of procedures (pre) to a reactive mode involving rapid
uecision making and problem solving (post); and (4) target search and ac-
quisition transitions from a low to a high probability of finding a v:urget.
Part B shows processes that are affected by the transition and will be the
focus of subsequent chapters in this report; (1) target search. detection, and
recognition; (2) spatial orientation, navigation, and situation awareness; (3)
decision making; (4) strategic planning; (5) communications and team coor-
dination; (6) following of procedures; and (7) perceptual-motor interaction,
It should be noted that all of these activities characterize sustained battle-
field activity, as well as the immediate post-tratisition period. However, it
is likcly that spatial orientation, navigation and situation awareness, and
'.nategic planning will undergo a particularly intense increase during the
,mmediate post-transition poriod.

Finally, Part C is a partial list of variables that can affect ei moderate
the response to the transition: sleep loss, stress, human factors design, and
iraining. Stress represents both a cause (Part A) and a moderating variable
that can attenuate or enhance the effects of the transition on performance
(Part C). Human factors design of the displays, controls, and working
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Stress Anxiety Combat, Worfload, Danger

A Environment Quiet ... Noise

Cognition Proactive .,. Reactive Problem Solving
Planning

Target Events Low ... High *
Search

Situation Awareness

Decision Making
Strategic Planning
Communications and Team Coordination
Procedures Following

Perceptual-Motor Interaction

Sleep Loss

C Stress

Human Factors Design

"IrainIng

FIGURE 1.3 Variables that (A) Lharacterize the transition, (B) are most affected
by the transition, and (C) moderate the effect of the transition on performance and
cognition.

environment may be assumed to influence transition performance in two
respects: (a) good human factors design will improve fhe quality of perfor-
maeice as demands increase during the poat-transition period and (b) good
human factors principles may be applied specifically to address the prob-
lems of updating situation awareness in the crisis period immediately fol-
lo,,ing the transition. This oecond application is quite analogous to the
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concerns expressed in the nuclear industry for displays that will support the
Aapid diagnosir of complex faults (Wood., 1988). Finally, training may be
the single most important variable to influence performance during transi-
tion. Training may focus on the skills that are disrupted during transition or
on mitigating the detrimental effects of stress.

This framework sets a context for the chapters that follow. The first
part of the report contains information from analogous systems that may
provide insight on the variables that may affect performance during the
transition and examines the workload domain--which is the overriding con-
text that interacts with moderating variables to affect performance. Chapter
2 presents an analysis of the features of similarity and contrast between the
tank environment and other analogous systems and references relevant case
studies and accident reports in other domains, Chapter 3 reviews workload:
its sources, measurement, consequences, relationship to performance, and
so forth,

The report then focuses on key variables that influence crews' abilities
to adapt to a transition: stress (Chapter 4) and sleep disruption and fatigue
(Chapter 5). The report turns then to the specific domains of tank crew
performance that may be influenced by the transition process: vigilance and
target detection (Chapter 6), situation and geographic awareness (Chapter
7), decision making (Chapter 8), strategic task management (Chapter 9),
and team structure, communications, and leadership (Chapter 10), Finally,
it discusses possible remediations of some of the moderating variables such
as training (Chapter 11) and integrates and synthesizes the panel's most
important recommendations (Chapter 12).

Two final points should be noted. First, our listing of specific tank
crew behaviors is not exhaustive (i.e., Part B of Figure 1.3), The panel
selected a subset of tasks specific to particular members of the tank crew,
primarily the commander and the gunner, as the focus of analysis. This
selection was not random but was based on information obtained from a
series of briefings provided by professional armor personnel at Aberdeen
Proving Giround and in Washington, DC, These briefings revealed certain
critical areas of vulnerability to transition. related effects, on which we have-
focused our analysis. Second, the chapters that follow, while maintaining a
consistent structural formal, vary to some degree in the extent to which they
emphasize the broader issue of transitions across varions systems or the
specific tank system, emphasizing, but not exclusively, the transition as-
pects of the tank.
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Analogous Systems

Human factors analysis gains value from its ability to generalize across
domains. This is particularly true when empirical data are scarce and ad-

vances in understanding may be achieved by sharing knowledge from simi-
lar systems or paradigms. Yet the application of conclusions drawn in one
domain to another must proceed cautiously and identify the ways in which
the two domains are similar or different. It is with this caution in mind that
we proceed with these comparisons, which may be based on a number of
criteria, such as unique characteristics of the transition within each system
(e.g., expectancy of an emergency occurring, level of risk, physical environ-
ment) and factors of the system contributing to the emergency (e.g., faulty
decision making, duty schedule, crew structure, communications, human
factors design).

The first part of the chapter enumerates the features of similarity in the
team transition process in terms of five general categories: time, structure
of the event, en-vironment, risk, and organizational structure. These features
are then described for each of the analogous systems of interest. Within the
discussion of each system, relevant case studies are referenced illustrating
how causes and contributing factors of an emergency or accident may be
generalized, with caution, to the tank environment.

FEATURES OF SIMILARITY

Time

The time element contains three areas of concern: the time constant of
transition, expectancy, and the pretransition period,

28
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The time constant of the transition refers to the abruptness with which a
crisis transition unfolds and how it affects the manner in which the team is
able to respond. For example, the transitions and responses to those transi-
tions in a nuclear reactor typically unfold in a matter of seconds and min-
utes; those at a fire scene or on the battlefield may involve minutes and
possiblv hours; the response to natural disasters may unfold over hours and
days.

Situations differ widely in the extent to which operators can expect that
a transition will occur. Expectancy is a variable often driven by the fre-
quency with which transitions have occurred in the past. For example,
nuclear power operators rarely encounter serious failures. In spite of their
recurrent simulator training to deal with emergencies, they operate under
the assumption that the plant will continue to function normally. A similar
situation probably exists for air crews of commercial airliners.

In contrast, shock trauna and hospital emergency room crews maintain
a fairly continuous level of preparation for medical emergencies and acci-
dent victims, as they can be expected at any time. Tank crews fall some-
where between these levels of expectancy. They are mobilized for an en-
gagement, know that such an engagement will probably occur some time in
the future, but they do not know precisely when. The difference in expect-
ancy " potentially important, as it influences the speed with which people
can ,,:spond to discrete events (Wickens, 1992), as well as to system fail-
ures (Wickens and Kessel, 1981).

The prettansition period is related to, but distinct from, expectancy and
de:icribes the length of time that a given crew must remain on watch before
an event may occur. For example, flight crews or nuclear power operators
may be on duty for eight to ten hours before an event occurs (if at all),
whereas hospital personnel may be on call for days, and battlefield necessi-
ties may call on the tank crew to maintain thr iselves on station for as long
as 72 to 96 hours. This time period clearly has the potential to influence the
quantity and quality of rest in a way that can influence the post-transition
performance.

Structure of the Event

The structure of the event refers to the extent to which its nature is
predictable and whether the desired response can be effectively preprogrammed.
Cognitively, this process may be described as updating a mental picture of
the evolving situation. Because of the high complexity of nuclear power
plants and the resulting complexity and multiplicity of their features when
emergencies occur, reactor designers encounter major challenges in training
operators for specific sequences of procedures or actions to be followed,
given the variability of possible failures (Woods, 1988). In contrast, the
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pilot of an emergency mediral services (EMS) team will have a fairly
proceduralized set of actions to be carried out in the process of getting the
helicopter aloft and then to its destination, although the destination and the
route flown to and from that destination may be wholly unpredictable. The
degree of predictability of response in tank crew operations falls some-
where in between.

Environment

Physical conditions of the environment play a potentially important role
in the response to the transition, The conditions of the flight deck or
nuclear power plant control room are relatively friendly-temperature con-
trolled, low to modest noise level, comfortable, and relatively free of vibra-
tion. This is in marked contrast to the tank environment, in which four
operators work within cramped, noisy, and vibrating conditions, often uider
excessive temperatures.

Personal Risk

Transition teams differ in terms of the extent to which they are exposed
to risk of personal injury or death, both to themselves and to others. Risk
may be realized at three different levels (i.e,, before or after the transition
period or not at all). For the tank crew, there is a feeling of risk the moment
they enter the combat arena, whether in the pre- or post-transition period.
The aircraft pilot or nuclear power plant operator experiences little risk
until after a transition event occurs; the emergency room personnel or disas-
ter relief organization may never feel the risk at all. Both risk knd environ-
mental factors influence the stress that is experienced in a way that c',,
have serious effects on the abilities of crews to function clfetively,

Organizational Structure

Organizational structure has three subcomponents: team strLcture (comz;,and
authority), team integrity, and organizational autonomy,

The dimention of team structure or command authority defines the ex-
tent to which the unit does (e.g., the tank crew or flight deck) or does not
(e,g., the nuclear power control room team) have a clearly defined ciain of
command or authority giadient. The authority gradient and its relation to
the definition of job responsibilities can have a conmplex effect on perfor-
mance efficiency (Foushec and Helmicich, 1988; Wickens et al., 1989; see
also Chapter 10),

Team integrity refers to the extent to which crew members are main-
tained as an integral crew over time or continue to belong to the same unit,
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Tank crews generally possess such integrity. In contrast, U.S, airline crews
are typically formed uniquely for each sequence of flights. It is generally
assumed that team integrity is beneficial for team emergency response, al-
though airlines believe that common training and proceduralized activities
can compensate. This issue has been identified as important by other re-
searchers as well (see, for example, Druckman and Bjork, 1991).

Organizational autoa'ny detines the extent to which a unit functions
alone or in close coordilnMaion with a higher organizational structure. Nuclear
power plant operators respond to emergencies as a fairly self-contained
unit, as do emergenc'v room staffs. Firefighting units may have to coordi-
nate with other amt., when the situation is serious. Tank crews nearly
always need to do so. The need for extra-group communications and coor-
dination typically places an added burden on the ability to cope with the
transition.

Summary

The features of similarity described above are summarized in Figure
211, which identifies the set of features, and offers a line connecting the
feature levels of the designated transition teams. Comparisons of two pro-
totypical teams are shown: the tank (x) and the aircrew (o) (discussed
below).

COMMERCIAL AIRLINES

Commercial airline crews typically consist of two or three members:
the captain (or pilot), the first officer (or copilot), and possibly a second
officer (or flight engineer), in addition to a support team of maintenance
workers, air traffic controllers, cabin crew, anti so forth. These crews may
be on flights that take as little as hall an hour or as long as 15 hours or
more. The crews do not remain intact from flight to flight, so little crew
planning can occur prior to the predeparture briefing.

The reader is referred to Chapter 10 for a detailed discussion of the
important aspects of leadership and coordination in the cockpit that affect
team performance under stress caused by transitions in workload. A num-
ber of airline accidents have been attributed to inadequate cockpit coordina-
tion and management (National Transportation Safety Board, 19K5a). In
one case the National Transportation Safety Board reported that in many of
these accidents there appeared to be little captain leadership and planning
guidance for the flight (National Transportation Safety Board, 1985a) which
led to the conclusion that all crew members should he required to be trained
in crew coordination and decision-making skills that are essential to the
safe operation of aircraft.
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Low Med High
(short) (long)

Time Constant 0X
'Y Aircrews Tanks

Expectancy o....i

Sleep Loss ... x

Structure X-.0

Environmental Stress 0-

Risk ""

Command Structure

Team Integrity

Autonomy . .. 0

FIGURE 2.1 Similarity of team transitions,

As Figure 2.1 shows, air crews often have little advance warning that a
crisis Is about to occur, and when it does the crew must respond within
seconds or, at most, a few minutes, depending on the event. However, as in
the nuclear power environment, the probability that a transition or serious
event will occur is quite low. When a transition does occur, though, one
factor that is likely to uffect the capability of the crew to respond appropri-
ately and rapidly is the current flight and duty schedule of the crew mem-
bers, which may be a period of 8 to 10 hours,

As in a number of other systems, such as emergency medical services,
the pilot will have a fairly proceduralized set of actions to be carried out in
the proccss of taking off, flying, and landing. The environment is tempera-
ture controlled but noisy, which makes intracockpit communications diffi-
cult without the use of headsets and interphone (National Transportation
Safety Board, 1980). In addition, the cockpit is cramped, especially consid-
ering the number of displays and controls that are present. If a transition
occurs, the extent to which the crew is exposed to risk of personal injury is
moderate. However, the crew will usually experience little risk until after
the transition event occurs.

In commercial airlines, the cockpit crew has a clearly defined chain of
authority; however, U.S, crew members are never given the opportunity to
adjust to how a particular pilot manages the crew because the crew compo-
sition is reconstituted for each flight. Finally, the crew does not operate in
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isolation but must coordinate und communicate with air traffic control, cabin
crew, and maintenance. As identified in aircraft accident reports, several
airline accidents have been attributed to a breakdown in air traffic control
coordination (National Transportation Safety Board, 1985a, 1987). At the
same time, the availability of air traffic control can often serve as a valuable
asset to flight crews in time of crisis.

Upon examination of Figure 2,1, it appears that tank crews and airline
crews do not have a great deal in common. Their time constants during
transitions, expectancies of transitions occurring, environmental stress, team
integrity or continuity, and group autonomy are very different. However,
they are very much alike when one examines their duty schedules and com-
mand structure. These latter two factors affect vigilance and monitoring
behavior (Chapter 6) and communication flow (Chapter 10), which have
been found to degrade team performance in both environments, as well as in
numerous other systems. This seems to suggest that the communication
flow and the type of information that is shared should be fairly well struc-
tured and should be heard and understood by the receiver(s). Crew mem-
bers need to receive pertinent information that is likely to affect team and
system performance in a timely and easily interpretable format, These
shared aspects between the two environments are highlighted in Chapter 10.

A number of major transportation accidents raise serious concerns about
the far-reaching effects of physiological conditioning (including fatigue and
sleep patterns) and circadian rhythm factors in transportation system safety,
in addition to the effects of the physical envlrcnment or workspace, train-
ing, communication structure, and crew structure on system safety. Acci-
dent investigations reveal that poor work-rest scheduling can jeopardize
safety in most transportation modes (Graeber, 1988). It appears that em-
ployees and first-line supervisors in the transportation industry do not re-
ceive training on the effects of work-rest schedules on safety and perfor-
mance. Yet commercial airline crews frequently encounter irregular and
often unpredictable work-rest patterns. It appears that, with minor excep-
tions, neither management nor the labor segment. of the transportation in-
dustry properly considers the adverse effects of irregular and unpredictable
cycles of work and rest on its vehicle-operating personnel,

RAILROADS

Railroad freight train crews until recent years were composed of 5-
person crews; however, the current typical crew consists of 3- and, inicreas-
ingly, 2-person crews, Amtrak and many other commuter trains are known
to run with a crew of I in some areas. The tyIpical 5-person crew is com.
posed of an engineer, a conductor, 2 brakctncn, and a fireman. The 3-
person crew includes an engineer, a conductor, and a brakeman in the cab;
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the 2-person crew does not have a brakeman. The engineer is responsible
for controlling the train, He has the written dispatch orders, receives infor-
mation from the dispatcher, and is the sole decision maker. Both the engi-
neer and conductor know the makeup of the train, but the trainmaster, the
manager of the yard with respect to the movement of freight, determines the
makeup, and the conductor keeps a manifest. This information will influ-
ence the decisions made concerning stopping distances and train speed,
especially when approaching curves and up/down grades. The brakeman
couples and uncouples train cars, releases the hand brakes, and so forth. On
all freight trains, there is a clear division of labor that has evolved since the
1800s, For example, eliminating the brakeman's position would have no
effect on that of the engineer (T. Brown, personal communication, 1992).

When a transition event unfolds in the railway industry, it does so in a
matter of seconds, As in the commercial airline industry, the expectation
that a transition will occur Is quite low. The railway crew is "on watch" or
"ton call" at all times while on duty, This may affect the quantity and
quality of the rest they get, At times, crew members have gotten only a few
hours of sleep at a time, which leads to chronic sleep deprivation and has
been cited as a contributin. factor in at least one railway accident (National
Transportation Safety Board, 1989); however, a recent study (General Ac-
counting Office, 1992) analyzed accident data of 30 engineers from each of
4 railroads and found no relationship between hours on duty and human-
factors-related accidents. At least 80 percent of the engineers surveyed
work, on average, 10 or fewer consecutive hours, but the time at which they
were called to duty varied greatly and may have been a contributing factor,

Railroad cab crews have highly irregular work-rest cycles; work and
rest hours begin and end at any hour of the day or night. If a crew works up
to 8 hours, the law requires that they have 8 hours off immediately after,
Crew members are called at least tne hour in advance of reporting time, but
normally two hours ahead, These cull-, can conic at any time, The maxi-
mum number of consecutive hours an employte in the U.S. railroad train
service may actually be on duty in a 24-hour period is 12 hours, and the
minimum time oft' duty between work assignments is 8 hours, but there are
no required rest days, If the crew works 8 to 12 hours, they are required to
then have 10 hours off duty. This restults in some crew members not being
permitted to report for duty when u run is scheduled, Thus, there are
"textra-boLrds," normally engineers with less seniority, on call to take trips.
Crews with required rest and sufficient seniority cana bid on any jot)b.

Local runs and passenger titlns have more predictable schedules, and
these trains, like the tank crews, have an average degree of team integrity.
For example, passenger train crews typically work approximately 2 1/2
consecutive hours: freight train crews may work on trips that last anywhere
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from 4 to 20 hours or more with a 2- to 3-hour rest in the middle of the trip
(Michaut and McGaughey, 1972). These short-run crews are trained for a
specific territory, and they can probably be trained for certain response
procedures. The National Transportation Safety Board has made the recom-
mendation that the railway industry needs to (I) regulate the hours of work
and compulsory rest; (2) standardize work schedules; (3) improve control
over noise, temperature, vibration, etc.; and (4) evaluate, monitor, and maintain
employee health (Belanger, 1989).

Although there are strict requirements concerning duty schedules, codi-
fied in the Hours of Service Act, at present it is not possible to mandate
sleep periods- nor would such a mandate necessarily be effective, When
employees are off duty, the railway industry cannot regulate what they do,
and some workers may have very few hours of sleep before going on duty.
As discussed in previous sections and in Chapter 5, these irregular sched-
ules can have serious effects on circadian rhythms and job performance
(Smiley, 1990). In the railway Industry, irregular schedules have been cited
in numerous investigations as a contributing factor to railway accidents
(National Transportation Safety Board, 1985b, 1989; Smiley, 1990). One
report notes (National Transportation Safety Board, 1989b:2):

The changing nature of railroad operations and competitive factors have
materially Increased the relative number of train crew members who must
work irregular and unpredictable shifts on a long-term hasis. Lacking
proper training and education In the physiology of' fatigue, many msay al-
low themselvems to become chronically deprived of sleep, and develop phys-
iological problems that could adversely affect their performance and the
saf'cly ofl train opurations, Other transportation Industry operators are ex-
posed to shift work, but the work ar.d rest cycles of railroad extra-board
and pool train crews are often more irregular and unpredictable.

When a transition occurs (in this case, the train crew determines that an
aCLcident is going to occur or can ocl Okir unless some imnnmediate action iý;
taken), the structure of the event is moderately predictable and, to a sma I
extent, so is the nature of the required action. If a collision is about to
occur, the emergency brakes are probably applied; however the degree of
application, etc., will be affected by the makeup of the train, the environ-
ment (e,g,, whethri- there is a grade), etc. It appears that the coordination
factors or individual cognitive factors are of a different criticality than .s
the case with other teams, such as the tank crew. There is little risk to the
train crew in the pretransition period and during the transition. However,
there is moderate to high personal risk in the post-transition period.

The train crew is highly autonomous. It receives dispatch orders, ob-
serves signals and responds accordingly, regulates the speed of the loconmo-
tive, and so forth. There is communication via portable radios between the
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cab crew and any train personnel who may be in trailing units of the train
(i.e., the rear brakeman if there is a 4- or 5-person crew, or the conductor).
There is communication between the train dispatcher and the engineer- however,
according to Smiley (1990), the dispatchers are not required to notify the
engineer verbally by radio of expected meets or other conditions that may
exist. This raises a number of safety issues that are similar in the tank
environment. One cannot be sure of the level of situation awareness on the
part of the engineer, and the dispatchers may not realize the criticality of
this potential lack of awareness. Note, however, that in T. Brown's experi-
ence (personal communication, 1992). there was constant communication
between engineer and dispatcher, particularly with regard to meets and passes;
to operate otherwise would have disastrous consequences.

The environment is another feature that the locomotive cab and the tank
have in common. Both are noisy, dirty, and uncomfortable (particularly the
seating), vibrate, and have poor temperature control. Current design of new
locomotives is focusing on ergonomically designing the seats in the cab
(e.g., to provide lower-back support), insulation to reduce noise, addition of
air conditioning, vibration damping, and numerous changes in information
presentation. The analog dial and pointer are being replaced by more so-
phisticated digital displays, and some prototypes are scheduled to be evalu-
ated in 1992 (T. Brown, personal communication, 1992).

A third attribute that the rail crews have in common with the tank crews
concerns the assumption that the crews are underloaded much of the time,
Vigilance tasks havo been viewed as minimally demanding, tedious situa-
tions (Dember and Warm, 1979; Parusuraman, 1984); however, current re-
search is beginning to suggest that vigilance tasks can be quite demanding
and induce much stress (see Chapter 6). Consequently, because locomotive
crews, siniilar to armor crew members, perform tasks requiring vigilanc,"
functions, they may be stressed by the tasks that need to he completed, as
well as by the environmental factors.

As noted by Devoe and Abernethy (1977), the engineer is very husy,
but for stretches of time, there is little stimulation. The engineer must
continually monitor and anticipate changes on the trip (e.g., grades, curves.
obstructions onl the track) and respond when required. However, there may
be long periods of inu,'tivity ranging from 5 to 20 minutes (Michaut and
McGaughey, 1972). Unlike the tank environment, however, whent a change
is input to the locomotive, the response of the system is slow and complex.
Thus, the two systems are, dynamically, different and therefore may require
different cognitive processes of the decision makers.

In summary, th, locomotive and tank environments share their greatest
degree of similarity in the pretransition period, and here the common themes
focus more on the efficiency cf thie individual operator, as inf'luenced by
vigilance, stress, and sleep disruption, than on the coordination of the team.
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NUCLEAR POWER PLANTS

Nuclear power plant operators work in a control room that is very
spacious, well-lit, and air-conditioned. Control rooms are supplied with
potable water coolers, cooking facilities, and adjacent toilets. Operptors sit
in comfortable office-type chairs and are free to move around the control
room, In fact, they must move about the control room to acquire the infor-
mation they need to determine whether the plant is operating correctly.
Information, which is acquired mostly visually, comes from hundreds of
instruments arranged on rather large control panels. Nuclear power plant
control rooms normally operate in a ' mibuttoned-up mode, in that access
to control rooms is controlled by locked doors and security badge readers.
Control rooms are furnished with their own atmospheric control systems,
including filters for smoke, particulates, and radioactive gases.

Operators of nuclear power plants, once selected, are put through an
extensive training program. These operators have the equivalent of a 2-year
associate degree when they complete their formal training. They are tested
after completing a prescribed training program that is administered by the
utility owning the particular plant for which the operator will be licensed,
Individual operators are licensed at one of two levels by the Nuclear Regu-
latory Commission: reactor operator or senior reactor operator, iloth re-
quire plant experience, but a senior reactor operator must have significantly
more. All candidates for reactor operator work for some period of time in
the plant operating areas as equipment operators. This allows them to
become familiar with the layout of the plant and the location and operation
of all equipment and systems within the it. Many nuclear power plant
operators come to the industry after having served in the U.S. Navy as
nuclear submarine crew members. Like crew,; in tanks, but unlike those in
commercial aviation, teams in a given control room are typically constituted
for a fairly long period of time.

Prior to the Three Mile Island accident, there were no formal require-
ments regarding specific nuclear power plant crew structure (other than the
requirement for a specific number of crew members and their licensing
kavel), technical support personnel and systems, or the maximum number Lit'
hours worked by crew members in any given worK period. There was also
no enforceable standard fuir individual crew iniembers' duties during either
normal or emergency operation. Many of these details have been specified
since that accident, There is still, however, no federal standard for indi-
vidui1l crew duties. Some emergency procedures are sufficiently formalized
to specify each crew member's assigned duties at any point in tinhe, but
individual operators are free to deviate from procedures if they deeni the
procedure to be ineffective.

Unlike military crews, nuclear power plant crews do not use a standard-
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ized ,ommunication protocol. There is no equivalent in nuclear power
,iiants to the short, understandable, and practiced protocol used by tank

crews to identify targets and their location, specify armament and ammuni-
tion to be used against targets, and to inform other clew members of the
status of tank systems (see Chapter 10). There is also no requirement in
nuclear power plants to coordinate activities with external groups. except in
certain classes of declared emergency situations. Even in these emergency
conditioos, a nuclear power plant control room is very much an autonomous
entity.

The one operational area in which nuclear power plant operating crews
and tank crews differ greatly is in terms of the expectation of events that
must bu dealt with in a timely manner. Things do not often go wrong in
nuclewi power plants-at least they don't go wrong to the etert that an
emergency situation is encountered. Statistically speaking. nuclear power
plants are very safe, at least as far as the nuclear portion is concerned.
Workers in nuclear power plants are subject to the same dangers as anyone
working in an industrial plant in which heavy. rototing equipment and vast
quantities of high pressure steam are employed. However, no death has
bee3n directly caused by an accident in the nuclen; portion of a U.S. nuclear
power plant. The result of this safety factor is that nitear power plant
operating crews don't expect anything to go wrong, and usually it doesn't.

The operation of a nuclear power plant. as in many process-utiented
plants. is essenti-tlly a crew effort rather thar. an individual job, oriented
toward procedural operation. As in the rail industry mid Ahe tank environ-
ment, the essential nature of the job is predominantly vigilance-oriewted.
There are extended periods of low activity with the possibility oi sudden
emergenicy or urgent operation. Thus, the nuclear power plant industry has
the n;ame potential problems with vigilance as the rail industry, Nuclear
power plant operators encounter periods of extreme conitive underload.
cspeciilly during evening and late night work shifts. followed potentially
by extreme senory and cognitive overload. If a nuclear plant is operating
properly. then virtually ,*,, operator ititervent ion is requircd and the crewv's
job becomes one of a chlssic Cl,iltinunus vigilance task complicated by the
fact that the operators know the automatic monitoring systems will probahby
alert them if something goes wrong. One can imagine the extreme boredom
and fatigue that can occLIr at three o'clock in ihe morning with everything
operating smoothly, no maintenance procedures in effect, and the steady
hum of the plant surroiu.i. ing the control room.

An operating crew working in this situation at one moment can ;'ind the
whole plait going haywire the next. It has b,:cn said that things happen
relti Y,1'- slowly in nuclear plants and, in general, that is true. However, in
the event of it major accident or equipment failure, the control room is
almost instantaneously transformed into a buzzing, ringing, flashing arcade.
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Most control rooms contain between 2.000 and 4.000 lighted-tile annuncia-
tors to warn operators of specific malfunctions, Thes., annunciators secm to
work well foi isolated failures in specific equipment. In my major event.
however, a large proportiori of these annunciators begin to ,lash ,tnd the
alerting horns, bells, and buzzers begin to sound. The operating crew is
then faced with the tank of making sure the pklnt is bcint Wafely %hut ltown,
diagnosing the problem(s), and activating their emergency, proceduret.-ll
the while trying to acknowledge and silence the vOsual anu awt.iory alarms.
If a major accident does occur, it is potf ntially serious in itrmi of .,ijury,
loss of life, and prolperty damage.

It is in this transition period that another feature cominton to the tank
and the power plant is encountered, in term of :he structure of the zvent.
In both cases (and in contrast to railway incide, Its). the nature cf the workload
triggering event may be quite complex, imp ,-, inv heavily on the operator's
cognitive skills. For this rý;ason. a heavy prenii;m nm.y be placed oe the
continuous maintenance of trettansilion situition •.wareness: which sys-
tems are wewking, which systems :n:c receiving msii.itenance, and what is the
cui'.%nt state of *he plant. It wa,, in fact, failure in this rcgard that was
partially responsible fo the Thri te Mile i'land disaster (Rubinstein and Ma-
son, 1979),

MERCHANT AND MEI;1TAR;" SHIPS

Historically, U.S. merchant ships conmsted of three departments: en-
gine, steward, and deck; however, in recent years, cr-,w members' responsi.
bilities have been reallocated and crew ýize has been reduced due to the
implementation of aurtomation and nieharizaiion. Shipboard automation
has had ti ,eatest impact on the engineering department, in which a ma-
jority of monitoring tasks (e.g,, watch-standing) have been automated, re-
sulting in a periodically unattended engine ioom on new ',essels, while
Libor-intensive intermitteri deck tasks have remained numerous (National
Research Council, 1990). The mairtenance department, whose members
can perform both engine and deck jobs as well a.i routine maintenance, has
evolved in order to facilitate a more even distribution of this labor between
deck and engineering personnel.

Recently built U.S. flag vessels have a typical crew size of 20 to 24, in
contrast with the 40 to 45 found aboard snmaller ships of 30 years ago.
Similarly designed foreign flag vessels currently have crew sizes ranging
from 12 to 16, and in highly automated foreign flag ships, there may be as
few its 8 to 12 crew members on board. This reduction in crew size has
raised the question of system safety. But in the last 20 years, as ship size
has increased and crew size has diminished, there has been a concomitant
worldwide reduction in vessel casualties and personnel injuries (National
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Research Council, 1990). Nevertheless, there are indications that this gen-
eral downward trend in marine casualties may be bottoming out. There are
various factors, including a worldwide aging of the merchant fleets, that
could potentially icad to a reversal of this trend (W. Young, personal com-
munication, 1992).

Merchant shipping operations over the past decade have bten character-
ized by great change in terms of technology, economics, and operating
practices. Applied human performance research is quite limited; much of
the more complete work is dated; and the safety data that are available are
incomplete, especially with regard to human performance issues (National
Research Council, 1990). Since the d6ta and studies related to human
systems have not been updated and since the commercial maritime sector is
undergoing great change, broad generalizations need to be approached very
carefully. Nevertheless, some insights might be available that could pro-
vide general implications to high-stress human perfonnance in other sys-
tems, such as the tank environment.

V The vessel command structure is clearly specified: the master, or cap-
tain, is in command and is responsible for the vessel at all times. When a
ship approaches port, it usually is required to use an independent marine
pilot who is federally or state-licensed. Typically, the pilot is placed in
charge of navigation, makes maneuvering decisions, and gives maneuvering
orders subject to overriding command authority of the master, who remains
responsible for the safety of his vessel and crew.

The master attempts to hold to a schedule and to have the ship port
arrival time coincide with normal work hours of longshore labor to mini-
mize overtime costs, and he tries to have short turnarounds in port to mini-
mize port costs and to maximize cargo service (and payback). As in many
of the other systems described in this report, including tank crews, this
setup. in conjunction with witch organization, results in sleep disruption
and deprivation, which often leads to fatigue and performance decrements.

Coming into port, the master, third mate, and independent marine pilot
(if there is one) are on the bridge, and the chief mate and second mate are
involved in preparing for cargo operations. The second mate usually keeps
watch during the graveyard shift (midnight to 4 am), and the chief mate has
the 4 to 8 am watch-, therefore, for the master and mate. there is limited
rest time prior :o entering port. Note that the chief and second and third
mates supervise cargo operations, which are intense and also expose them
"to hazards during transhipment.

Crew integrity also varies among the different types of ships. Non-
univ .S. tankers have the greatest continuity and, among U.S. union tank-
ers, the master and chief engineer usually remain with the ship for repeated
trips; however, the chief mates and first assistant engineers may be reconsti-
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tuted for each trip (Pollard et al., 1990), A National Research Council
(1990:34) report found that "all operators [surveyed] agreed that continuity
of service by crew members is an important safety factor, particularly with
sophisticated shipboard systems requiring intimate knowledge. Repeated
service aboard the same vessel ensures familiarity with the equipment and
promotes teamwork. Continuity is most desirable among key personnel
(master, chief engineer, chief mate, and first assistant engineer), and is
helpful with junior officers and unlicensed personnel as well." Tank crews,
thus, appear to have greater team integrity than current U.S. ships, but it is
highly desirable in both environments.

The military and merchant bridges are characterized by a fairly well-
established structure for decision making and information flow. In the
Navy, Coast Guard, and on other military vessels, communications is highly
structured. The roles in merchant marine are reasonably well established
for masters, mates, and pilots, but there is a considerable range of interpre-
tation for their interaction; it Is more a judgment call for the master and
pilot. Teamwork is an essential part of professional development in the
military; in the merchant marine setting, teamwork Is taught ii maritime
schools and is expected aboard the ship within the get,,,ral structure and role
models exist, but the actual level of bridge team interaction 4s variable and
generally consistent across the wide category of vessels, The situation is
different for tugs because there is usually only one person in the pilot
house.

Shipping, similar to other freight transportation modes, is often charac-
terized by longer-than-average work weeks, nonstandard work days, inter-
mittent extensive night operations, and periods of intense effort preceded by
periods of inactivity (Pollard et al., 1990). Scheduling factors-frequency
of port calls, operation in congested waters, arrival and departure times,
long duty tours (especially those that exceed 75 days), and less time avail-
able to go ashore-all affect the fatigue (due to interference with crew
members' sleep and circadian rhythms) and stress felt by crew members.
Fatigue and excessive workload were determined to have been contributing
factors in a number of marine accidents (e.g., National Transportation Safety
Board, 1988a, 1990).

Work-rest schedules are affected by the type of work being performed,
and workload and shipboard operations vary drastically, depending on the
stage of the voyage. Workload is extremely high during mooring, cargo
operations, and unmooring and is quite reduced in transit, during which
time many maintenance tasks are performed. The negative effects of these
schedules on performance following the transition are similar to those docu-
mented in other environments and suggest that crew work-rest schedules
must be carefully planned. In addition, "Aboard merchant ships, current
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manning statutes as interpreted by federal courts set no upper limit on the
hours a crew member may work" (National Research Council, 1990:75).
This adds to the potential for safety-related incidents.

As in the rail industry and the tank environment, communications is a
critical issue whose importance cannot be overemphasized. Merchant ves-
sel operations are not conducled in a highly structured decision-making
environment. Interactions lack the precision and protocols associated with
military operations, tending instead to be more informal and ad hoc. Al-
though there re self-enforcing international rules to prevent collisions at
sea, they are designed to guide the interactions of two vessels. The rules
become ambiguous when more than two vessels are involved, as frequently
occurs in ports and waterways. Meeting and overtaking situations are char-
acterized by informal coordination using voice radio rather than guidance
by strict maneuvering protocols. Traffic regulation comparable to that in
the aviation sector is not practiced, although interactive Information sharing
is available for some ports and waterways in the form of Vessel Traffic
Services (VTS) (Ives et al., 1992).

Although human error is often cited as a factor in marine casualties,
marine accident investigations primarily focus on proximate human causes
of accidents rather than more subtle factors that underlie human perfor-
mance, However, beginning in May 1992, the U.S. Coast Guard imple-
mented the Marine Investigation Module (MINMOD), a greatly expanded
data base, that focuses on human factors and human performance issues in
marine casualties (S. Sheek, personal communication, 1992).

Successful military operations rely heavily on effective human perfor-
mance of crews and task groups or forces operating cohesively as a single
entity, even with modern warfighting technology. Individuals, individual
ships, and combinations of units are expected to function effectively and
efficiently, with precision and without hesitation. At the same. time, reason-
able flexibility for innovative and creative decision making is retained to
accommodate the variabilities in the combat scenarios, with flexibility vary-
ing by the role and responsibility of each individual. The teamwork that is
required itself requires that good order and discipline be established in the
individuals throughout the organization. It also requires highly stylized
operating standards and protocols. Well-defined authority is embedded in a
hierarchical command structure to establish both a decision making and
performance structure that can function effectively under the stress of time-
critical situations. Effective teamwork is achieved through technical train-
ing of individuals through resident schools, short courses, and correspon-
dence courses and by extensive, frequent, on-site training and drills, This
approach concurrently accommodates the transfers that occur, prepares indi-
viduals to work effectively singly and as a unit team member, and estab-
lisht~s in each team member the time phasing required to respond instinc-
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tively under the pressure of high-stress operating conditions. The roles and
responsibilities of individuals are continuously reinforced throughout the
military organizations as a routine practice for professional and interper-
sonal relationships, thereby maintaining well-defined command relationships.

The operation of military ships while in company is characterized by
high levels of precision. There are well-defined maneuvering schemes and
execution protocols. Fleet maneuvering protocols are established in opera-
tional instructions and routinely practiced, The naval approach works well
aboard individual units and for convoy operations. However, there are

* exceptional differences between what is found in a naval task force or group
and what is found in the interaction of ships In the nonmilitary setting,
particularly in ports and waterways. When military ships interact with
merchant shipping. especially in confined harbors and waterways. associ-
ated human Interactions devolve to a much less precise and largely informal
decision-making structurc.

Some pcrt-state nations have established VTS to improve order and
predictability in waterway interactions. These capabilities are essentially
interactive information sharing communications networks with, in some cases,
very limited positive control. A VTS, in effect, places a decision-making
structure within the existing informal decision-making network that charac-
terizes the marine operating environment. There are about 200 VTS facili-
ties worldwide of varying capabilities: approximately 20 are located in the
United States, some of which are operated by the U.S. Coast Guard and
others are operated by the U.S. Army Corps of Engineers, other governmen-
tal organizations, and marine pilots (Ives et al., 1992).

It is believed that the use of a VTS will improve the accuracy and
completeness of information and that, given this information, operator deci-
sion making will be improved. However, this depends on the relevance and
accuracy of the communications on a single vessel, between vessels, or
between a vessel and a VTS. There are substantial differences in cominuni-
cations between the military and maritime settings. In the Navy, internal as
well as external communications are critical to successful warfighting. There
are very precise standards and protocols for internal communicutions, exter-
nal communications have been greatly improved by the composite warfare
commander (CWC) concept by means of satellite down links, electronic
means, etc. There are precise communications protocols for vessel interac-
tions, but the protocols on the bridge are less precise,

In the merchant marine setting, although the roles of each individual on
the ship bridge are well understood, how the members communicate varies
greatly. Bridge crew communications tends to be much more informal,
lacking the well-defined protocols and stylized language found in the Navy.
Where there is a VTS, circuit discipline is enforced, especially when oper-
ated under military protocol. Military protocols are routinely employed in

____ ________ ________ _______
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vrs to ensure the clarity, brevity, and accuracy of the information ex-
change. Bridge commands are relatively well defined, standardized, and
universal. Communications in maritime are voice VHF radio. This in-
volves bridge communications (i.e., intrabridge communications) but not
bridge-to-bridge communications (Le., interbridge or intervessel communi-
cations), which has been identified as a contributing .... or in at least one

, marine accident (Nat;onal Transportation Safety Boarn, > •84).
Automatic radar plotting aids (ARPA) used by ships are capable tf

tracking and displaying the courses of a large number of targets automati.
cally and of generating warnings regarding possible collisions in open water
transits. These collision avoidance features are of marginal use in confined
waterways and in situations where frequent maneuvering is requiredJ. How-
ever, i" )me situations this aid is one means of minimizing the possibility
of noli,:ions and groundings.

A jomewhat dated review report has identified a set of prevailing con-
ditions typically found at the time of maiiy marine accidents (National Trans-
portation Safety Board, 1981:18): the ships were outside an active vessel
traffic service (communication control center) area, radar was not in opera-
tional use, there was no equipment failure, and the occurrence was during
the 4 am to 8 am watch in clear visibility on a U.S. waterway on which the
inland navigation rules were in effect. "The Safety Board found that inef-
fective communication was either a causal or a contributing factor in 7 out
of 32 collisions. VHF communication problems ranged from the failure to
keep a listing watch to the failure to transmit timely navigational intentions
to the lack of a VHF communication requirement."

Watchkeepers at the vessel traffic center acquire, interpret, and distrib-
ute system-wide uiavigational information. VHF radio is the standard for
marine communications. A single frequency is used for communications in
each VTS sector, and a designated frequency is available for direct bridge-
to-bridge communications between vessels (National Research Council,
1990); however, contact is not always established to confirm maneuvering
intentions.

Characteristics of the physical environment, including noise levels and
vibration, also vary from ship to ship. But in general it appears that, similar
to the tank environment, these factors are present and may, unbeknownst to
the crew, add to the stress already felt, although their magnitude tends to be
somewhat less than in the tank. As noted by Pollard et al. (1990). ship crew
members believe they adapt to these noise levels and, therefore, they be-
lieve their performance is not affected by this environmental stressor. How-
ever, as in the tank environment, sound (or changes in sound) can also be an
important task relevant cue; in this case, it may be important for maneuver-
ing purposes.

The ship is a complex system with many components related to com-
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partments, hatches, fuel, and cargo locations, as well as weather, sea, and
land characteristics that influence its ability to withstand damage. Hence,
the structure of the event may be ill-defined, and the time constant may
vary. If situation awareness of this state is absent in a pretransition period,
disaster may result. For example, if a grounding or collision occurs in a
confined waterway, the time constant may be short, and unpredictable re-
sponse types may be required. However, for an accident in open water
during transit, the time constant is longer and the response types may be
more predictable.

NATURAL DISASTERS

Emergency workers who are responding to a natural disaster constitute
a normal population working under abnormal conditions, Floods and huiri-
canes usually are preceded by a buildup that allows time for warning and
subsequent preparation for impact. Major aircraft disasters, explosions,
earthquakes, or tornadoes typically allow far less preparation for the spe-
cific event. For the first 2 weeks following the occurrence of a major
disaster, Red Cross staff members work 12 to 14 hour days. Ater the
second week, they get half a day off. Individuals who are on a disaster
assignment for 2 or 3 months may get I day off after the third week (Eby,
1985),

The core resources of the team already exists, and volunteers are incor-
porated into the system, Although central planning should focus on ways to
effectively allocate human and material resources, the allocation decisions,
themselves, are made without much preplanning (Dynes, 1989), Training of
as much of the team as possible in simulated disasters appears to be a
necessary precondition for effective disaster management (Rolfe, 1989).

The probability of a natural disaster occurring varies, depending on
location: however, 6vi• it, an arca In ,"hich it is most expected (eg., earth-
quakes in California), the probability of occurrence is still quite low. The
response to the event is predictable; however, the decisions that need to be
made will be unique. The decision making is decentralized and pluralistic,
and the team, similar to the tank crew, must coordinate and cooperate with
many other groups and teams to be most effective,

The physical conditions of the environment are typically poor, due to
the nature of the event, but the extent to which the team is exposed to risk
of personal injury is minimal following the disaster. The environment dur-
ing a natural disaster is similar to that of the tank crew engaging in battle,
in that people attempt to protect themselves inside buildings, etc., during
the natural disaster just as tank crew members in battle remain buttoned up
in the tank. Immediately following the natural disaster, however, when the
relief teams are working, many team members are out in the open with little
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protection from the elements. The environment, although different, leaves
much to be desired.

As can be ascertained, teams in this environment are similar to tank
crews in that their sleep schedules are similarly disrupted, the stress is
somewhat comparable (although the response period following the transi-
tion is much longer for teams responding to the natural disaster), and the
team must coordinate with others to accomplish its goals. While the nature
of the response to disasters is, in many respects, quite different from the
tank environment, it is noteworthy that this is one of the few ransition team
situations that has received systematic study (Dynes, 1989). The author's
conclusion in the study indicated that the teams involved were in fact quite
effective in their response.

EMERGENCY MEDICAL SERVICES

Emergency medical service (EMS) helicopter crews (also called medevac.-
medical evacuation) consist of a pilot and a critical care medic, EMS ambu-
lances operate with a 2.person or sometimes a 3-person crew-a driver asid
I or 2 medics. These medics are recertified every year on practical and
written cardiopulmonary resuscitation techniques. Upon arrival at thf scene
of the event, the medic(s) performs an assessment of the- level of injury,
following a set protocol that dictates beginning with an assessment of tote
head and neck, then of the chest, the groin, the legs, and finally the feet.
The medic checks the vital signs and the eyes, then decides where the
patient will go and consults with the doctor at the chosen location, The
consulting doctor is the one who will care for the patient when he or she
arrives at the hospital; however, this doctor may later turn the care of the
patient over to another doctor. The medics communicate using written and
oral protocols. During the assessment, medics go through a process of
pattern matching, In addition, medics, like tank crew personnel, miust be
concerned about self-preservation, their personal safety, and what to do if
there is a hostile environment,

In the 1960s and early 1970s, emergency medical services were used
almost solely to transport injured patients as quickly as possible to the
nearest hospital, [he first commercial EMS helicopter program in the United
States started In 1972, und commercial EMS helicopter activity has in-
creased sharply since 1980 because some "surgeons began to su, .. st that
accident victims would fare better if they were taken to larger hospitals that
had all the necessary manpower, equipment, and supplies close at hand,
The suigeons produced statistics to prove that accident victims survived
more often at large hospitals than at small ones" (Doelp, 1989:59). As a
result, many patients were being transported to hospitals that were not near
the accident scene, This generated a need for patient transporters to be
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specially trained to begin treating the injured before reaching the hospital,
because what happens during the first hour after the onset of the injury
(coined the Golden Hour) is critical to the probability of the patient's sur-
vival (Franklin and Doelp, 1980).

The EMS crew is usually on the way to the scene of the event in a
matter of minutes, and once on the scene the injury assessment occurs as
soon as possible depending upon the location of the patient (e.g., if there
has been an automobile accident, when the medics can physically get to the
patient to perform the assessment), but usually within a few minutes.

The average number of calls the EMS crews respond to each year is
dependent on the environment. It is not uncommon for an ambulance crew
in a suburban area to average 2,300 calls in a year (which is an average of
almost 200 calls per month or approximately 6.5 calls per 24-hour period)
(Maryland State Firemen's Association, 1991), although the number of calls
may vary from 500 to 4,000 or more calls per year depending on the subur-
ban location. At this level, the crews should always be prepared for Incom-
ing calls. However, In a rural area, they may average one-fifth to one-tenth
this number of calls, which would result in one cill every 20 to 25 hours, on
average (Maryland State Firemen's Association, 1991). Although not as
great a probability of occurring, rural EMS crews still have a high expect-
ancy of a call coming in each day. None of the crews can anticipate when
these will occur- however, when storms are In the area or a fire has been
called in, the likelihood of a medical emergency is greater.

The length of duty for EMS crews varies depending on the type of
organization they work for. For example, volunteer ambulance crews some-
times schedule duty, but unlike paid ambulance crews, this staffing may not
be active 24 hours each day. These paid ambulance crews work normal 8-
hour shifts, which may be extended depending on the requirements of the
situation. EMS helicopter crews work on shift schedules, and the greatest
number of calls are received at night, many times in bad weather (which
may be one of the contributing factors of the accident that generated the
need for medical servirces in the first place), and their mission requires
landing and takeoff from unimproved landing areas. The pilot must receive
10 consecutive hours of rest in any 24-hour period if the combined duty and
rest periods total 24 hours. Each flight crew member must have 13 rest
periods of at least 24 consecutive hours every 90 days. The EMS helicopter
pilot must have 8 hours of consecutive rest every 24 hours and 10 hours of
consecutive rest before reporting to the hospital for availability for flight
time. An EMS pilot may not be on duty longer than 72 hours (Doelp,
1989). It is interesting to note that, according to Doelp (1989:36), "The
majority of EMS pilots responded that next to combat flying, the EMS
flight environment Is the most stressful and challenging." This may be
attributable to the fact that, in addition to poor environmental conditions,
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the EMS helicopter Pilot and crew must respond quickly, often do not have
the time to plan the flight, and must ma' . decisions knowing that human
life is at stake.

The probability of the EMS h"' , '• :-'Kng is nearly twice that of
other noncombat helicopter operations ,dinal Transportation Safety Board,
1988b). Of the 59 EMS helicopter accidents in the National Transportation
Safety Board's data base between May 1978 and December 1986, 18 were
weather-related. Of the 18, 15 involved reduced visibility and spatial dis-
orientation and occurred below 1,200 feet in uncontrolled airspace; the re-
nmaining 3 accidents resulted in hard landings due to heavy winds. Thus,
the risk of personal injury or death to the EMS helicopter crew is greater
than for either other helicopter crews or for EMS ambulance crews.

The continuity of the crew in the EMS ambulance crew, again, is de-
pendent on the organization. In paid companies, the crew remains the same
approximately 75 percent of the timet in volunteer companies, the crew
could change with every call, but the individuals usually know each other,
There Is a thin level of hierarchy in commercial EMS. The crew may be
responsible only to themselves and the protocol, but EMS ambilance crews
that belong to a firefighting company may have a thicker level of hierarchy,
which may extend from the battalion chief down. The medics for the first
few minutes may function alone, but as soon as the asse.ssment has been
made and a hospitatl chosen, the medics will be in almost constant commu-
nication with a doctor at that hospital or center, All services performed
from then on will be done in coordination with the waiting doctor.

Crews in this system are similar to tank crews in a few major respects.
First, duty schedules have been identified as having an influence on the
probability of success-, and the sharing of information is essential, If the
EMS helicopter is flying at night and in bad weather, the risk of personal
injury is realized, but not as greatly as a tank crew etitering battle. Finally,
as discussed in Chapter 7, the issue of navigation and geographic orienta-
tion is critical in both environments.

TRAUMA CENTERS AND EMERGENCY ROOMS

Trauma center and emergency room teams consist of doctors, nurses,
and an anesthesiologist, prepared to care for injured patinits whn are brought
to the center or hospital for treatment. The exact composition of the medi-
cal team is determined by the operating procedures of the trauma center or
hospital, and their requirements vary depending on the community in which
they operate. For example, at Children's Hospital National Medical Center
in Washington, DC, the nucleus of the trauma team consists of the trauma
coordinator, the surgical resident, the resident in the intensive care unit, the
nurse in charge, and at least one other nurse. This team is assisted by a
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support group that includes an X-ray technician, lab technicians, blood bank
technicians, and a social worker (Doelp, 1989).

Time is probably the most critical element in medical services. In
recent years, surgeons have come to realize that the first hour of treatment
is critical to the patient's recovery (Franklin and Doelp, 1980). The crisis
transition or event (i.e., treatment of an arriving injured patient) unfolds in
a matter of seconds and minutes, There is a great probability that one or
more patients will arrive during the team members duty period, and the
team members will work long hours.

Like EMS teams, adult trauma centers (such as the Maryland Institute
for Emergency Medical Services-known as Shocktrauma), pediatric trauma
centers (such as the Children's Hospital National Medical Center), and emergency
rooms in hospitals around the country maintain a fairly continuous level of
preparation for patients or accident victims that can be expected at any
time. Often the trauma centers receive only a few minutes advance notice
that a patient is on the way, During this time the hospital or trauma center
and its team members must be notified by a communications center (such as
SYSCOM for Shocktrauma and ECIC-the Emergency Communications and
Information Center-for Children's Hospital). The team members then converge
on the arrival, code, or emergency room to prepare for the arriving patient,

* The hospital teams, especially in the trauma centers, are on duty much
* longer than teams in many other environments. The medical teams in the

Children's Hospital National Medical Center are on call one day out of
three, and according to Doelp (1989), for the day the resident is on call, he
or she must stay at the hospital all night to be available to the nursing staff,
If there are no problems, the resident may sleep, but this is a rare occasion.
The off-call day is a normal workday, which includes two sets of rounds
(one morning and one evening) and a full day in the operating room. Work-
days usually last longer than 12 hours, The surgical residents get one day
off every other weekend. Each trauma center and hospital have different
schedules, but they are similar in nature. Hence, it is undoubtedly the case
that sleep disruption is often present in emergency room personnel, al-
though the extent to which this has had deleterious effects on performance
has not been well documented.

The event is relatively predictable. According to Doelp (1989:78-9),
"Trauma medicine is, first and foremost, checklist medicine [a treatment
protocol]." This means that there is a written set of procedures that are to
be followed for each patient. The checklist is the same as that described
above for emergency medical services, A series of tests are conducted to
determine the type and extent of injury to each area instead of treating
injuries in a nonrational order in which certain symptoms could easily be
missed or overlooked.

The environment in treatment or emergency rooms, unlike that of the
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tank, is cool (often between 650 and 690 F), therc is much lighting, and
much of the noise comes from the medical team and the patient, if he or she
is conscious and feeling pain, however, the room is not inherently noisy. At
times, there may be some problem with cramped working space, but this
cannot be avoided, in that all members of the team may be working on the
patient. The treatment or emergency room itself may be quite spacious.

Until recent years. the team probably would not have been considered
to be at risk of personal injury, But with the outbreak of AIDS and the
amount of blood that may be found, especially in the treatment room of the
trauma center, the team is at a much greater risk of exposure to personal
injury, The team may therefore feel the stress of risk,

Trauma center and emergency room teams have a low chain of com-
mand. In emergency rooms around the country, nurses follow the directives
given by the doctors, and technicians and others in the support group follow
the directives of the nurses. At Shocktrauma and Children's Hospital, un-
like most hospitals around the country, nurses hae almost as much author-
Ity as the doctors. At Children's Hospital, the trauma coordinator is in
charge of what is happening in the treatment room, and the nurse in charge
supervises the emergency room nursing staff. The members of the team in
the emergency room Interact with their support group outside the room to
have X-rays taken, receive additional units of blood, have tests conducted
on blood samples taken, etc. The core team cannot work in Isolation: it
must coordinate with other teams and individuals to be successful in its
mission.

The residents who work on these teams go on rounds with the chief
resident, who reviews each patient's status, progress, and treatment. In
addition, the work in the emergency rooms is reviewed by the trauma center
director or an assistant, and problems that have been identified are dis-
cussed with thl appropriate team member(s).

While working in the emergency rooms, the medical teams have a high
level of integrity-they work closely together and on similar duty sched-
ules, There appears, however, to be a large rate of turnover of personnel in
emergency rooms, especially in the trauma centers, possibly due to the high
level of stress inherent in the job. This reduces the amount of team continu-
ity that would otherwise be achieved and increases the on-the job training
that is necessary.

CAUTIOUS GENERALIZATIONS

From this discussion of the analogous systems of interest, a few conclu-
sions can be extended to the tank environment. First, in each system,
appropriate duty schedules are of' utmost importance. At present, these
appear to be lacking in maritime, railroad, and traUna center systems, to
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name but a few. In most of these systems this factor has been identified as
contributing to numerous accidents. A,,, discussed in Chapter 5, if work-rest
schedules were employed that are synchronous with the circadian rhythm.
fatigue and possibly stress levels would be reduced, resulting in better re-
sponses to transitions and, in some cases, fewer system transitions.

Second, lack of a communication protocol appears to have serious con-
sequences on crew performance. Many crews operate in more isolation
than would appear prudent. Railway crews as well as a number of ship
crews, if they had been given more verbal information from the dispatcher
or communications center, may have prevented the accidents that occurred.
Tank crews must communicate with other crews to increase the probability
of successful mission completion; however, as discussed in upcoming chap-
ters, other factors interfere and cause confusion and miscommunication,
This miscommunication has also occurred in a number of maritime acci-
dents, If some of these analogous systems, like the tank crews, had a
standardized terminology and protocol, miscommunication could be reduced
and the likelihood of accidents would also diminish, When the triggering
event is complex or unstructured, then strong support for continuous situa-
tion awareness-the state of the system and environment-in the pretransition
period will be likely to support more efficient and adaptive problem solving
during the transition.

Although this section has focused on what these analogous systems
have to offer to the tank environment, one could also ask what conclusions
drawn ni the tank environment can be generalized to these other systems.
Such conclusions emerge from our discussions in the following chapters
and are integrated in Chapter 13, Next we examine workload factors and
stressors that affect performance during the transition as well as processes
that are inherent in transition,
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Workload Factors

A characteristic of most post-transition periods is a large number of
task demands, often imposed with very severe time constraints. These tasks
are often characterized by the description of high workload, The term
workload has intuitive meaning fur most people, everyone has experienced
periods of high or low vorkload in their daily life in response to different
situations. Psychologists have invoked the concept in theories of ettention
and performance. Aircraft designers, manufacturers, operators, and regula-
tory agencies have identified operator workload as a critic,! factor in sys-
tem effectiveness, However. the word workload did not appear in many
dictionaries until the 1970s, and operational definitions proposed by psy-
chologists and engineer, continue to disagree about its source(s), mechanism(s),
consequence(s), and measurement, Furthermore, although workload and
performan, - are clearly related, it has proven to he a much more complex
relationship than originally thought,

WORKLOAD CHARACTERISTICS

Soarces

Over the past 20 years, workload has been equated with: (I) imposed
task demands-if the difficulty, number, rate, or complexity of the demands
imposed on an operator are increased, workload is assumed to increase: (2)
the level of performance an operator is abh. to achieve-if errors increase
or control precision degrades, workload is assumed to increase, (3) the
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mental and physical effort an operator exerts-workload reflects an operator's
response to a task, rather than task demands directly; and (4) an operator's
perceptions--if an operator feels effortful and loaded, then workload has, in
fact, increased even though task demands or performance have not changed.
Most contemporary definitions assume that workload emerges from the in-
teraction between a specific operator and the assigned task (Gopher ond
Donchin, 1986; Hart, 1986; Hart and Wickens, 1990),

Consequences

The consequences of optimal or suboptimal levels of workload depend
on the structure of a specific task, the environment in which it is performed,
and operator characteristics. As task difficulty increases, performance of-
ten, but not always, degrades, response times and errors Increase for dis-
crete tasks, control variability and error increase for tracking tasks, and
fewer tasks are completed within an interval of time, The workload im-
posed by one task may interfere with the performance of other concurrent
activities. The subjective experieitce of excessively low or high workload
may prompt operaturs to adopt different task-performance strategies. Pro-
longed perilods of high workload may result in operator fatigue, An in-
crease in psychological stress that often accompanies high workload may
result in elevated heart rate.

Measures

To some extent, these apparent complexities have been caused by (I)
the practice of using the same term (workload) to refer to the demands,
imposed on an operator, the effort exerted to accomplish those demands:
and the physiological, subjective, or performance consequences of an operator's
actionn. and (2) the naive assumption that different measures of workload
index the same entity. in fact, different measures are sensitive to different
aspects of workioad and are appropriate for answering ditferent questions.
Thus, the results of most workload studies are interpreted far too broadly,
given the complexity of the phenomena and the ',mited range of factors to
which each type of mc. iure is sensitive. The problem is compounded by
the absence of a generally accepted definition, standardized procedures and
units •if measurement. or an absolute standard against which to compare a
particular task or candidate measure.

Relationship Between Workload and Performance

Designers, manufacturers, and operators ol compl-x sy,;tm.ns h:.ve been
more intere,,ted in the association between workload and pcriforwmance than



56 WORKLOAD TRANSITION

in theoretical issues, They assume that human performance is most reliable
under moderate workload that does not change suddenly or unpredictably
(Kantowitz and Casper, 1988). When workload is too high, errors arise from
an operator's inability to cope with critical task demands. When workload is
too low, errors may arise from loss of vigilance and boredom (see Chapter 6).
However, the actual relationship between the effort an operator invests in a
task and the performance he or she is able to achieve is much more complex.

O Donnell and Eggemeier (1986) suggested that the relationship be-
tween workload and performance changes as overall task difficulty is in-
creased. For relatively easy tasks, operators can maintain consistent perfor-
mance by exerting additional effort if task demands are increased, For
moderately difficult tasks, they cannot maintain consistent performance even
if they exert additional effort. For extremely difficult tasks, operators do
not have the capacity to exert additional effort in response to further in-
creases in task demands, so performance decrements no longer reflect a
change in workload.

Navon and Gopher (1979) suggested that this relationship depends on
the structure of the task, differentiating between situations in which addi-
tional resource investment would (resource-limited) or would not (data-
limited) result in improved performance. For data-limited tasks, additional
effort cannot improve performance. If sufficient information is available,
the task can be performed. If it is not, the task cannot be performed ad-
equately. For resource-limited tasks, however, additional effort can result
in improved performance.

Hart (1989) and Hart and Wickens (1990) discussed the importance of
operator strategies in determining the relationship between workload and
performance. People may not try to achieve peifect performance or accom-
plish tasks immediately. Rather, they manage their attention and effort,
rescheduling, deferring, or shedding less important tasks ro achieve accept-
able performance and maintain a reasonable level of workload for the dura-
tion of the task (see Chapter 9 for some discussion of how effectively this
scheduling is accomplished). In a recent interview, Broadbent (1990:7)
stated that humans are "dynamic, self-regulating systems, with each func-
tion monitored and modified by others." Thus, to optimize their interaction
with a complex system, operator beliefs, values, and intentions must be
considered, Because it is clear that humans have interests beyond optimiz-
ing traditional indices of system performance (Rouse, 1979), simple linear
models cannot provide an accurate description of their behavior,

Despite the apparent confusion about what worklo-d is (ore might fairly
say that anything can cause workload) and what its effects might be, there
are some factors that stand out as being particularly salient. The duties
assigned to the crews of tanks, helicopters, jets, nuclear power plants, and
so on impose a set of requirements that vary in magnitude and composition
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from one moment to the next, from one type of activity or mission phase to
another, and from one crew position to another. The operational require-
ments of the tank crew are composed of a variety of behaviors that have
been studied in isolation (in laboratory research) or in different combina-
tions (in simulation and field studies) to determine the specific task-related,
equipment-related, environmental, and operator-related factors that influ-
ence workload and performance. From this research, general principles
may be drawn to estimate the effects of performing specific activities on the
operators of a particular system performing a mission. The following pages
contain a review of data regarding the primary factors that drive workload,
showing how these drivers are relevant to a variety of transition teams.

WORKLOAD DRIVERS: REVIEW OF RESEARCH

The intrinsic difficulty of the activities that an operator must perform
establishes the target or nominal level of workload. The difficulty of a
particular task may be influenced by any one or several of the following
factors: (1) the goals and performance criteria set for a particular task; (2)
the structure of the task, (3) the quality, format, and modality in which
information is presented; (4) the cognitive processing required- and (5) the
characteristics of the response devices. Although the fundamental source of
workload is literally the "work" that is "loaded" on an operator, the behav-
ior and workload experiences of a particular operator may be influenced by
other factors as well. For example, fatigue, stress, training, crew coordina-
tion, and environmental stressors (e.g., heat, cold, vibration, noise, and dan-
ger) may have a significant impact on operator workload. Although the
influence of these factors is obvious in operational situations, little research
has been performed to establish their relationship with operator workload,
and they are ignored in most workload theories. The relationship between
these factors and team performance are reviewed in other chapters.

Given the limitations of human memory, vision, physical strength, and
so forth, some tasks may stretch or even exceed an operator's capacities,
other tasks impose so few demands that they may be performed concur-
rently with other tasks. Thousands of experiments have been conducted in
which a variety of task-difficulty manipulations were imposed to examine
different aspects of the human information processing system and to define
and quantify the limits of human capabilities. The following section sum-
marizes the results of a representative sampling of this work.

Task Structure

The way in which a task or combination of tasks is organized, the rate
at which information is presented or error signals change, the length of time
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the task must be performed, and the levels of speed and accuracy that the
operator must try to achieve have a significant impact on the workload
imposed during its performance. A significant number of the experiments
conducted to analyze human operators' responses to different levels of workload
have included some variation in the rate of presentation for discrete tasks or
disturbance bandwidth for control tasks. Thus, a considerable amount is
known about these factors. Relatively less information is available about
the effects of speed-accuracy tradeoffs, task schedules, and task duration.

Performance Criteria and Strategies

The difficulty of almost any task can be altered by a requirement for
additional speed or accuracy. As criteria for acceptable performance be-
come more stringent, the workload associated with attaining adequate per-
formance increases (Yeh and Wickens, 1988). People may adopt either
externally imposed performance criteria or personal criteria (which may or
may not be more stringent). Workload and performance are influenced by
the objective consequences of failing to meet task requirements as well.
People are more likely to try to meet performance standards if their job or
personal safety are on the line, than if the consequence of poor performance
is simply a "bad score." In addition, operators may act less conservatively,
take more risks, and try new techniques when there are no dire conse-
quences of failure.

In general, manual controllers of dynamic systems such as the tank
driver try to follow a particular course or path, while minimizing the effects
of external disturbances. Error will increase if control inputs are too little,
too late, or in the wrong direction, If operators overcontrol (i.e., make
control inputs that are faster or larger than necessary), they create additional
workload for themselves (i.e., they must compensate for the errors that they
generate) and run the risk of destabilizing the system. Thus, although mini-
mizing error is the goal of most control activities, smoothness and stability
may be equally important.

Similarly, in discrete control tasks like target acquisition, performance
strategies can be described by a tradeoff between the speed and accuracy of
the movements. Faster movements are made with less accuracy. and more
precise movements are made more slowly, This tradeoff is described by a
mathematical model known as Fitts's Law. This relationship has proven to
be extremely robust (Keele, 1986) for a wide range of target types, widths,
and distances, limbs (e.g., fingers, arms), system dynamics (e.g., displace-
ment of the joystick controls cursor position or velocity), control devices
(e.g., computer mouse, joystick, rotary knob), and displays (e.g.. computer
screen, direct view of nearby or distant target), More recent research has
demonstrated that Fitts's Law also holds for targets that vary dynamically in
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size (Johnson and Hart, 1987) or position (Jagacinski et al., 1980). A
similar relationship has been found between the movement difficulty and
subjective workload (Hart et al., 1984b; Johnson and Hart, 1987; Mosier
and Hart, 1986).

Instructions to maximize either speed or accuracy influence the workload
and performance associated with discrete responses, target acquisition, and
continuous control. If operators are instructed or choose to maximize preci-
slon, the cost may be an increase in time for task completion, Conversely,
if they maximize speed, then accuracy may be reduced. Depending on the
situation, either speed or accuracy may be more important. Thus, the over-
all quality of performance depends on the operators' correct assessment of
which factor is most critical. For example, correctly identifying a target (as
friend or foe) is more important than firing quickly (and running the risk of
hitting a friend), even though verifying the identity of a target may take
longer than making a snap judgment. If the position of a helicopter or tank
is not yet known to an enemy, making the first shot count (e.g., accuracy) is
extremely important, as firing a weapon will reve.A its position. Alterna-
tively, if a tank is being fired on or the engine of a helicopter fails, a rapid
response is essential, Smooth control and on-time arrival may be more
important to an airline pilot than keeping the needles precisely centered on
the intended flight path, while extreme precision is required to accomplish
inflight refueling,

Different components of a complex task may have different functional
priority with respect to the overall goals of the task or temporal priority (itf
they are not completed by a deadline, they can no longer be performed at
all). Operators may adopt different resource allocation and scheduling strategies
to satisfy external instructions or personal goals, Within limits, people are
able to maintain a particular level of performance on one task (at the ex-
pense of another) or to share attention uqually or in graded amounts be-
tween two tasks (Gopher et al., 1982). They mu) adopt a fixed policy for
resource allocation or dynamically modulate it in response to changes in
task demanlds or priority nver time. People are better able to dynamically
allocate the same resource across tusks in response to priority instructions
(e.g., devote more processing rcsources to a tracking task than to a concur-
rent running memory task) than to dynamically allocate graded amounts of
different resources (e.g., devote more visual resources to one task than
auditory resources to another), Shi. ing task priorities and resource alloca-
tion policies in response to transient changes in task demands is particularly
difficult (Tsang and Wickens, 1988) and may inhibit an effective response
to workload transitions. In practice, humans tend to maintain a particular
strategy of resource allocation, even though the situation has whanged.

To achieve required levels oa performance on competing tasks, suhjects
try to perform tasks simultaneously, or allow high-priority tasks to preempt
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their attention whenever their performance begins to degrade. In opera-
tional situations, task prioritization may be formalized, based on safety or
mission-related concerns. For example, all pilots are taught to aviate, navi-
gate, and communicate, In that order of importance, However, even low-

V priority tasks can assume temporal priority (i.e., verbal communications do
not wait for an operator to get around to them) because they grab attention
(they are loud, bright, unexpected, etc.) or because they can be completed
quickly (thereby getting them out of the way).

An operator's ability to respond to changing priorities Is influenced by
the total demands of concurrent tasks, their resource requirements, instruc-
tions, feedback, and training (Tsang and Wickens, 1988), Although little
research has been performed to relate priority manipulations and dynamic
resource allocation to workload, it is reasonable to assume that workload is
likely to increase when performance strategies must be changed in response
to a shift in task priority, Furthermore, if operators select an inappropriate
strategy (e.g., focusing more resources than required on one task and too
little on another), resources are wasted with a resulting cost in performance,
workload, or both,

It appears that people can learn more efficient methods of responding to
task-specific, priority manipulations through training (Gopher et al,, 1989).
Furthermore, more generic skills developed in one task (i.e., a video game)
can transfer to another (i.e., flight), thereby facilitating performance (Go-
pher et al,, 198g).

Task Schedule

The way operators organize their time and resources to perform com-
plex tas;ks has a significant impact on the workload experienced and perfor-
mance achieved. To some extent, tusk scheduling depends on external fac-
tors (e.g., instructions, procedures, information availability, deadlines, the
length of time a task can be safely ignored, etc). In laboratory research,
tasks that are to be performed sequentially are generally presented sequen-
tially and those that are to be performed concurrently are presented concur-
rently, to elicit a particular response strategy, In realistically complex situ-
ations, however, operators may have greater flexibility in how they perform
multiple tasks. They may choose to perform different task combinations
either simultaneously, alternatively, or sequentially, with different workload
amd performance costs,

Sequential performance may decrease workload and result in a better
quality of performance. ttowever, this strategy may delay the completion
of some task components. Concurrent performance may increase workload
and result in a poorer quality of performance, although the time to complete
all of the tasks may be less. When tasks are performed simultaneously,
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workload and performance depend on the cognitive and physical resources
required. If two tasks require the same ro.sources, and if their demands
exceed available capacity, performance on one or both of them will suffer.
When operators alternate between several tasks (or perform them sequen-
tially), resource competition is no longer an issue, although switching atten-
tion may require additional time and effort (see Chapter 9). In addition,
switching from one stimulus-response modality to another takes more time
and effort than switching between tasks that require the same stimulus-
respotise modalities. For example, visual-spatial target acquisitions take
longer and impose higher workload when the correct target is identified
auditorially, rather than visually, or represented verbally rather than spa-
tially (Hart et al., 1986).

If operators are allowed some scheduling flexibility, they may adopt
different strategies depending on the characteristics of a particular task com-
bination. For example, King et al. (1989) found that subjects faced with
performing a three-axis tracking task while also completing a series of
discrete tasks adopted both time-sharing and switching strategies. Discrete
tasks that could be completed quickly preempted the tracking task, Sub-
jects were able to maintain single-task performance levels on the discrete
tasks without seriously disrupting control performance because they required
little time away from tracking, Subjects also alternated between the control
task and discrete tasks that took several seconds to complete. Response
times increased significantly over single-task levels, and subjective workload
was high. possibly reflecting the added cost of switching back and forth.
Moray and Liao (1988) found that when the presentation rate of four con-
current tasks was increased until there was insufficient time to service all of
the tasks, subjects simply stopped performing some of the tasks to protect
performance on the others.

When performing familiar tasks, in which variations in task demands
are relatively predictable, completing some tusks ahead of schedule and
developing contingency plans during periods of low workload can reduce
workload and improve performance during later periods of high workload,
For example, Pepitone et al. (1988) found that contingency planning signifi-
cantly improved the quality of later decisions made under time stress and
resulted in safer flights. Furthermore, if the time required to complete
specific tasks and the time remaining in which to complete them are known.
then operators can develop more efficient task-performance schedules,

When events unfold as planned and well-rehearsed sequences of actions
can be relied on, cognitive demands are lower, performance better, and
workload less than when unexpected events occur, Thus, developing a
range of contingency plans for potential events is a valuable workload man-
agement tool. Planning ahead requires time and effort, however. For ex-
ample, Vienneau and Gozzo (1987) found that helicopter pilot workload
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was higher during the planning stage immediately preceding the execution
of a maneuver than during the maneuver itself. Thus, predicted load levels
(based on physical :,..,tivities) lagged the actual load levels by one event.
Hart and Hauser (1987) obtained similar results with fixed-wing pilots,
Premission workload levels were higher than those of all but the most de-
manding flight segments.

In laboratory research, random intertrial intervals and lack of preview
about upcoming events generally preclude anything but a reactive strategy,
However, the little research that has been performed on this topic suggests
that people are able to develop more efficient strategies if given the oppor-
tunity. For example, Tulga and Sheridan (1980) examined decision mT.kers'
performance in a dynamic, multitask simulation, The numbet durations,
deadlines, and payoff of tasks and intertask arrival times were manipulated.
With moderately complex schedules, operators adopted relatively optimal
scheduling strategies, However, they reverted to a reactive strategy when
the situation became too complex, Using a similar paradigm, Hart et al.
(1984a) found that proficient subjects adopted a time-sharing strategy, rather
than a sequential strategy, and actively controlled the flow of task elements
(e.g., requesting tasks ahead of schedule during periods of low worklnad,
deferring some tasks during periods of high workload, and shedding tasks
they could not complete), thus completing twice as many tasks in the same
interval of time as low-scoring subjects, who were more reactive and per.
formed task elements sequentially, even though there was suificient time to
alternate between tasks.

In operational situations, team members may request assistance from
each other as a strategy for coping with excessive task demands. Although
the effects of team workload management strategies are not well known, it
seems reasonable to assume that the appropriate management of hunan and
system resources can result in adequate performance and acceptable workload,
even in the face of relatively high task demands. A team commander must
monitor the workload of team members and shift responsibilities to avoid
an uneven distribution of workload across people and time, However, when
a crew adopts a reactive strategy or is forced into one by externally paced
and unpredictable task demands, performance is more likely to suffer and
workload will he higher.

Rate of Presentation

Almost any task within an operator's capabilities can be performed
correctly and with acceptable workload if sufficient time is available. Con-
versely, if sufficient time is not provided to perform a single task, or it the
interval between task element, is reduced helow some critical value, then
task completion is not possible, no matter how much effort is invested. In
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I.. between, where internal or external constraints impose some time pressure
but task performance is still feasible, the usual finding is that subjective
workload increases as time pressure increases. However, people may adopt

* different coping strategies to deal with an increase in time pressure (e.g.,
* trade accuracy for speed, shed or defer some tasks, reduce their perfor-

mance criteria), thereby reducing the effects of time pressure on their workload.
There are structural limitations in the speed with which humans can

perceive, process, and respond to successive inputs. For example, percep-
tual events that occur within roughly 100 milliseconds of each other are
combined into a single perceived event (Card et al., 1986). If one stimulus
is presented before a previous one has been fully proccssed, responses to
the second will be delayed, presumably because the central processor can
operate on only one task at a time (Welford, 1967). Card et al. (1986)
estimated the duration of the entire perception-processing-action feedback
loop to take between 200 and 500 milliseconds. Thus, since the discrete
micromovements that combine to create continuous control activities re-
quire only about 70 milliseconds (Keele, 1986), a series of motor move-
ments can be executed open-loop between corrections guided by visual feedback.
For discrete responses, the lower limit of reaction time is in the range of 70-
100 milliseconds. However, the minimum time required to complete any
particular keystroke or button press is determined by the duration of the
perceptual and cognitive processes required to select the correct response.
For example, Cara et al. (1986), in their summary of research, Identified the
minimum procesing times associated with: (I) number of potential re-
sponses (response times increase by 90-150 milliseconds for each additional
alternative), (2) comparisons with remembered items in short-term memory
(30-70 milliseconds tor each additional item, depending on their complex-
ity), (3) meaningfulness (a range of 158 to 500 millis.uconds per typing
keystroke for text, random words, and random letters, with text being the
fastest and random letters the slowest), (4) matching stimulus input to an
internal rfpresentation (310, 380, and 450 milliseconds, respectively, tor
physical, name, and class matches). and so on,

Obviously, the minimum time required to perform the complex activi.
ties typical of the real world is longer and more difficult to predict. However,
the same principles hold. If operators are not allowed sufficient time to
encode and process information, select a response, and execute the response,
then performance quality will suffer and higher workload will be experienced.

In continuous control tasks, such as that performed by the tank driver,
the operator's goal is to minimize the time-averaged difference between a
target (e.g., a nominal flight path, a driving lane, a point or line on a screen)
and the output of a dynamic system, This goal is accomplished by manipu-
lating available control mechanisms (e.g., aircraft control inputs, steering
commands, or joystick inputs), The difficulty of this task is directly influ-
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enced by the predictability, frequency, and amplitude of the disturbances
(e.g., winds) for which the operator is trying to compensate. People may be
able to compensate perfectly for highly predictable, low-frequency distur-
bances; error and workload generally increase at higher frequencies (see,
for example, Moray and Liao, 1988). Random or quasi-random signals
composed of many frequencies are less predictable and therefore impose
even higher workload. As more frequencies are combined to create a com-
plex signal, it becomes more difficult for an operator to track. An increase
in bandwidth (the upper limit of the frequencies represented in a complex
signal), such as that caused by driving an unpredictable course at faster
speeds is usually associated with an increase in workload as well (see, for
example, Hauser et al., 1983; King et al., 1989); operators must enter cor-
rections and monitor the visual display more often with high-bandwidth
disturbances. However, people may be less sensitive to the effects of band-
width on workload than they are to other manipulations of tracking task
difficulty (Vidulich and Wickens, 1934, 1986), There is evidence from
scores of dual-task experiments that low-bandwidth tracking tasks (e.g., less
that 0.5 Hz) allow the operator sufficient time to simultaneously perform
many types of concurrent tasks. However, It is difficult for them to main-
tain the same level of performance on high-bandwidth tasks (e.g., greater
than 1.0 Hz) while also performing other activities. Maintaining acceptable
performance when a signal is very unpredictable simply demands too much
time and attention.

The relationship between rate of presentation (or response) and workload
or performance may be U-shaped. For extremely slow or infrequent tasks,
loss of vigilance has been associated with slower response time and higher
subjective workload: boredom is unpleasant for muny people (Hancock and
Warm, 1989). A moderate increase in presentation rate may increase arousal
and result in faster response times, but at the cost of an increase in workload
(see, for example, Moray and Liao, 1988). Beyond some point, further in-
creases in presentation rate generally result in an increase in subjective workload,
errors, or delayed responses as operators attempt to share their attention be-
tween temporally overlapping activities. For example, Pepitone et al. (1987)
found that pilot workload was significantly positively correlated with the rate
at which flight-related tasks were imposed while pilots flew a simulator. As
presentation rate was increased from once every 2.4 minutes to once every
0.8 minutes, subjective workload increased significantly.

For coomplex tasks, the pattern of performance decrements that occurs
when there is insufficient time to monitor, process, and respond to all task
components depends on the strategy an operator adopts. For example. Mo-
ray and Liao (1988) found that increased tusk frequency had different ef-
fects on the performance of each of four concurrent tasks. For choice
reaction time and arithmetic tasks, response time became faster but accu-
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racy suffered as task pacing increased. In addition, tracking error increased
and target identification responses were delayed. In this experiment, there
was no catastrophic collapse in performance, but rather a graceful degrada-
tion controlled by the operator's tactical allocation of attention; the operator
appeared to give high priority to the choice response task and low priority
to the relatively infrequent monitoring task in order to manage workload.

Curnplexlty of Task Deinandn

As the number of alternative choices among which an operator must
select increases, the time required to respond correctly generally increases,
Hick (1952) and Hyman (1953) postulated the Hick-Hyman Law, which
asserts that response latency increases linearly as the logarithm of the num-
ber of alternatives is increased, Later research demonstrated a reliable
relationship between the number of alternatives and workload. For ex-
ample. Kantowitz et al. (1984) found that performance was worse and workload
was higher for a four-choice task than for a two-choice task In the context
of simulated flight. Furthermore, performance on tasks with many altertia-
tives is more likely to be disrupted by concurrent activities than is perfor-
mance on a single-alternative response task,

As the complexity of a task or combination of tasks performed concur-
rently increases, workload often increases as well, For example, Bittner et
al, (1988) found that the workload or mobile air defense system crews was
significantly higher when attacked by two helicopters than by one in a field
test, Hurst and Rose (1978) found that air traffi' controllers reported higher
workload as the number of aircraft under their control increased. However,
it is the cognitive complexity of a task that influences workload, more than
the absolute number of task elements (Kantowitz and Casper, 1988). Al-
though Hart and Hauser (1987) found that communications frequency wts
significantly correlated with the workload of test pilots, more detailed analyses
of pilot cmnmunications suggested that other factors have an even more
significant impact on workload: delayed, unexpected, or very complex
messages or clearances that result in a change of plans impose higher workload
than do routine messages conveying expected information (Acton et al,,
1983; Hart and Bortolussi, 1984), Aretz (1990) found that map complexity
had a more powerful effect on the cognitive operations required for naviga-
tion than any other variable; each additional landmark added to the map
increased response time by 450 milliseconds.

Variability of Task Demands

People develop expectations about how much effort a specific task si , I
require. If a particular instance is more difficult than expectý,t, worm. ad
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will seem even higher than it actually is. Furthermore, people may select a
strategy that is inappropriate for the current situation, based on expectations
from pr~or experiences.

Operator workload may vary dramatically over time within a task. As
load levels increase or decrease, the rate or intcnsity of effort exerted dur-
ing the immediateiy preceding interval may influence subsequent behavior.
Thus the task performance strategies operators adopt, and the level of per-
formance they achieve, cannot be predicted from the current load level
alone (Matthews, 1986). Instead, when task demands change cyclicly or
randomly. people may persist with a previously successful strategy (Poulton,
1982) or fail to anticipate or recognize a change In task demands (Cumming
and Croft, 1973). Thus, they maintain an inappropriately high response rate
(when task demands have shifted from high to low) or an inappropriately
low response rate (when task demands have shifted from low to high). In
the first case, persistence of the previous strategy may benefit performance
but result in unnecessarily high workload; in the second case, performance
wil degrade.

Rapid changes in demand level may result in a sudden change in arousal
level and require a number of resources to be recruited for task perfor-
mance. This shift takes time and requires effort. For examph4. Thornton
(1985) demonstrated that itl unexpected peak of workload introduced in a
relatively low workload task, elevated subjective workload for the whole
segment, particularly if it occurred late in the interval. If task difficulty
was changed more gradual!y, however, performance was not disrupted and
rated workload more accurately reflected the average demands of each .ieg-
inent in a series of tirget acquisition tasks (Staveland et al., 1986).

Hart and Bortolussi (1984) examined pilots' op,,lions about the eafects
of sudden changes in task demands. They found that almost any additional
task, deviation in flight plan. or system failure resulted in increased A orkluad
and degraded performance, particularly when changes occurred during phases
of flight that already imposed high workload. On the average, routine
events or activities increased workload by 6 percent. ,sy t aiitdres in-
creased workload by 3(0 percent. and pilot errors increased work oad by 16
percent. The effect of pilot error on subsequent ,r'r lorIran:c aunit workload
was particularly interesting. Through experience, p1ht1t had conIe to expect
that addlitiol, I errors would 1('h01 w those already, cimimr itted and that workload
woul,.t he elevated when resolving ain error ii.e.. the" must recognize the
occurrence ot an error and then develop inod exectioe a plan fc;r lesolving it).
b,'rors nra', lorý:e arn opeaietor out of routine, low worktload, pitterns of
behavior and, in fact. completely charig,: the charcter iii the task until the
error is resolved, Significant increa•,cs in stress were associated with opera-
tor e-rors and systecn failures, even when the effort req,,ired to deal with thv
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problem was low. In contrast, other events (e.g., communications) increased
workload but did not change stress.

Task Duration

The relationship between task demands, effort, and performance is moderated
by task duration, People may be able and willing to exert considerable
effort or accept inactivity and boredom for brief intervals, but not for very
long. Particularly in familiar and predictable situations, experienced opera-
tors will pace themselves, working at a rate and effort level that they can
sustain for the expected duration of the task. If they do not pace themselves
appropriately (either because they are inexperienced or the situation is dif-
ferent than expected), then performance is likely to suffer as the mission
progresses. Good leadership ensures that members of a team can maintain
performance throughout an entire mission by setting an appropriate pace.

When performing prolonged tasks, particularly those that are repetitive
and monotonous or present little task-relevant information, people become
bored, When ths occurs, performance becomes less efficient (e.g., opera-
tors make errors, miss relevant signals, respond less frequently or more
slowly, or change their decision criteria) (Hockey, 1986). Fatigue may arise
from excessive demands imposed on an operator for a prolonged period.
Physical and mental fatigue may occur as a direct result of the effort ex-
erted to perform a task, while ,%motional fatigue may reflect prolonged ex-
posure to the stressful environment in which a task is performed (Rotondo,
1978). Thus. when difficult or stressful activities must be performed for a
prolonged period, operators' capacities may be diminished and their perfor-
marce will suffer unless they exert additional effort. These effects are
discussed in more detail in Chapters 5 and 6. Although some of the sutijec-
tive symptoms of boredom are sinfilar to those of fatigue, the effects of
boredom are more easily reversed by a change inl the situation.

Within limits, however, task duration alone does not appear to have a
consistent influence on workload or performance. Research has shown that
difficulty, stimulus-response compatibility, resource competition, presenta-
tion rate, and so on have a more significant effect. For example, in most
simulation and flight research, workload ratings are obtained for each seg-
ment tf flight. Even though takeoff and landing segments last only a few
minutes and cruise segnicats lIst considerably longer, pilot workload iat-
ings reflect the difficulty rather than the duration of a segment (Hortolussi
et al., 1987; Hart and Ilauser, 1987). Pepitone et al. t1987) developed flight
scenarios in which segmncti length and within-segmeiit difficulty were not
cor.ftounded. Here. too, workload covaried with the number and frequency
of' tasks performed within a segment, not with flight segment duration. In
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fact, workload was lower during longer segments than durinig shorter seg-
ments. Similarly, Hart and Hauser (1987) found that overall workload and
subjective fatigue were unrelated to the duration of flights performed at
night in the Kuiper Airborne Observatory of the National Aeronautics and
Space Administration.

Task Requirements and Procedures

It should be clear from the preceding discussion that the introduction of
automation must be preceded by a careful analysis of task requirements and
human capabilities. Such analysis is also critical for the distribution of
tasks across people within a team. The design questions here concern who
should perform which tasks to maintain an adequate balance of information
processing load across operators and machines, yet to operate within the
constraints of the command hierarchy within the system. Should tasks be
redistributed to other operators because of overload? Or should they be
redistributed to computers. which are lighter in weight and, for many tasks,
more reliable.? How should the operator monitor the state of an automati-
cally controlled system? If tasks are shifted or shared between operators, is
the reduction in task load on the two operators greater than the increase in
communications load necessary to coordinate between them?

The potential to address these sorts of complex multielemeut design
issues is provided by interactive computer simulation design tools, which
incorporate models of task scheduling, crew interaction, anthropometry, dis-
play layout, and operator time-sharing (Elkind et al.. 1990). Two parallel
approaches potentially have much to offer at this level: the CREWCUT
project sponsored by the U.S. Army Human Engineering Laboratory (Hahler
et al., 1991: Lockett et al., 1990, Prevost and Banda, 1991: Wickens, 1992a)
focuses directly on developing a simulation model for tank crew operators:
and the MIDAS (Man-Machine Integration, Design. and Analysis System)
project developed at NASA Ames Research Center (Bamtba et al., 199 1),
although it originally focused on rotorcraft, is desigiied for a broader range
of multicrew systems. The research effort on modeling distributed decision
making carried out by Kleinman and his colleagues, described in Chapter
10, would appear to have considerable potential to predict the implications
of different organizational structures on team performance.

Finally. the issue of task requirements is closely related to the proce-
dures that are either mandated cr, in some cases, relieved by operating
procedures. The Federal Aviation Administratioi,, for example, has adopted
a host of operating procedures intended to improve air safety, although
adherence to sonic of these will not necessarily decrease workload and may
increase it, Adopting policies mandating adherence to a sleep schedule (see
C.apter 5) certainly falls in this caiegory. New procedures and regulations,
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however, should be introduced with caution and careful analysis of their
potentially less obvious side effects. Sometimes the costs (and burden on
the operator) to implement may far outweigh the benefit, particularly if the
regulation was introduced with the intention of "locking out" a very infre-
quent operator error, whose cause could not be et-?ablished with certainty in
the first place.

Input Variables

Operators require information to perform most tasks. They may obtain
necessary information from memory; however, this section addresses infor-
mation gained from external sources through an operator's eyes and ears
while the task is being performed. The operators of complex systems are
bombarded by visual and auditory inputs. Their perceptual systems trans-
late the information detected by their eyes and ears into internal representa-
tions that may be subject to deeper tnalysis. Because so much information
may be presented at the same time, operators must divide their attention
among these different sources, seeking, interpreting, and integrating rel-
evant information. There is no question that crew workload is influenced
by the number and complexity of the information sources that must be
monitored and the quality of the information they provide. However, the
influence of purely perceptual factors on workload has been examined in
less depth than have information processing, memory, and response mecha-
nisms.

The workload associated with perceiving an auditory or visual signal
depends on a number of factors, such as intensity (i.e., whether or not it is
'ibove threshold), signal/noise ratio (i.e., the similarity of the signal to the
background in which it is presented). rate of change (i.e., whether a change
is fast enough or large enough to be noticeable), distinctiveness, frequency,
and familiarity, among other factors. If it is difficult to identify a signal.
workload is likely to increase.

Information From Visual Displays

Analog and digital instruments provide information about the state of
the system and, in many vehicles, additional information is provided about
the current location. orientation, speed, altitude, depth, and heading of the
vehicle and t&, environment through which it is moving. The display for-
mat may be analog or digital, abstract or representational, and one- or mul-
tidimensional. The reference coordinate systems (e.g., earth-centered, ve-
hicle-centered) differ across; displays. Because the quality, foIuat. and content
of displays vary, the perceptual demands their use imposes on ail operator
also vary. And, because there may be many information sources that an
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operator must monitor, formal procedures may be established to ensure that
visual scan patterns sample different displays often enough and that com-
peting auditory messages are prioritized,

Electronic displays are beginning to replace analog gauges in most air-
craft, power plants, automobiles, and other complex systems. All too often,
"digital readouts have replaced analog. Whereas pilots of earlier aircraft
simply had to check the general orientation of a number of needles to assure
themselves that system state was normal, digital readouts must be read
individually, present unnecessarily precise information for most uses, and
do not provide readily interpreted Lrend information. Since analog displays
can be checked more quickly and with less workload than digital readouts
(Hanson et aL., 1981), the influence of this design decision is obvious.
Furthermore, an alphanumeric display (which is represented in memory ver-
bally) must be transformed into a spatial representation to be integrated into
the pilot's internal model of the environment, vehicle orientation, and state.

Display design should foster an appropriate distribution of attention,
given the relative importance of different display elements. tf a display is
poorly designed, it may capture the operator's attention for an inordinate
amount of time to extract relevant data. Thus, other important sources of
information inside or outside the cockpit may be ignored, For example,
Harris et al. (1982) found that different analog display formats and place-
ments required significantly different amounts of visual attention and cre-
ated different levels of workload. They found that a bar graph type of
vertical speed indicator located in a more logical position on the panel
could be interpreted more quickly, thus reducing pilots' mental workload,
The more appropriate format and placement required shorter visual dwell
times.

Interface design affects both workload and the cognitive strategies adopted
(Woods, 1989). For example, the design of display elements and their
organization can force even a highly skilled user from automatic perceptual
processes to effortful cognitive processes. or vice versa. Particularly for
displays with which complex, automated systems are monitored, the format
should promote the development of an accurate understanding of the rela-
tion between components of the system and provide information of a nature
that is necessary for solving different types of problems, This appears to be
particularly critical in extremely complex systems, such as the nuclear reac-
tor (Woods, 1989).

When information from several sources must be integrated to perform a
single operation, there are workload and performance benefits if the infor-
mation requires the same type of processing and is displayed in an inte-
grated format. Carswell and Wickens (1987) demonstrated that independent
tasks are p,.-formed best with separate displays; integroted tasks are per-
formed besi with similar, integrated displays. Display integration was cre-
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ated by depicting movement in different axes of control as variations in
different dimensions of a single triangular object. Performance was also
improved when displays with similar formats were grouped, by placing
them in proximity to each other. In addition, when similar or related infor-
mation is displayed on several instruments, performance can be improved
by coding it in a similar manner (e.g., by color, shape, or numeric rather
than pictorial format) (Boles and Wickens, 1987). Sequentially presented
information can be integrated by its temporal organization,

Wickens et al. (1988) suggested that cockpit displays could be used
more effectively if they were congruent with a pilot's mental model of the
environment. Compatibility might be improved by the use of: (I) 3-dimen-
sional perspective displays (rather than 2-dimensional planar displays); (2)
color coding that corresponds with population stereotypes (eg., red to indi-
cate stop or slow down, green to go or speed up); and (3) consistent color
coding of similar information across displays to aid integration. Workload
will also increatie if there is a lack of consistency across displays (Andre
and Wickens, 1992). Inconsistent formats should be avoided whenever
possible. There are times, however, when changes in format are necessary
and inevitable. For example, when an operator must cross-check between a
fixed north-up map and a forward field of view out the cockpit window (see
Chapter 7), or between a small-scale and large-scale map. In these cases,
there are principles of visual momentum that effectively link the different
displays together, showing how information depicted in one relates to the
other (Andre et al., 1991; Aretz, 1991: Wickens, 1992b; Woods, 1984).

Perceptual workload is related to the operator's goal, For example,
looking at a specific display to read its value and glancing at the display
during a routine scan to detect anomalies require different types of percep-
tual pi-ocesses. Scanning known locations for information that is presented
in a consistent format (e.g,, checking an instrument) is less demanding than
searching for any target that might appear at any location (e.g., scanning a
radar display for potential threats) (Liu and Wickens, 199(0). Thus, the
source of perceptual difficulties may he different: determining the exact
value of a particular instrument may depend on legibility or character size;
detecting a change in the location of a pointer may depend on its rate or
magnitude of change.

Information From the Visual Scene

In the real world, operators often rely on visual cues in the external
scene (ie,., optical flow, structural transformations, terrain features) to esti-
mate their orientation, speed, altitude, heading, and location. They may
have to do so because their instruments are not sufficiently accurate to
perform a particular task (e.g., helicopter instruments are unreliable at very
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low altitudes or slow speeds) or because the information is not available
(e.g., there is no compass in a tank).

Perceiving spatial relationships and states is difficult if available visual
cues are insufficient. For example, changes in optical flow may be too slow
to provide useful guidance information at very slow speeds (Bennett et al.,
1990). In addition, variations In optical variables may be misinterpreted,
even though they are perceptible. For example, Perrone (1984) found that
pilots do not extract the appropriate cues from an external scene when
estimating approach angle. Instead, they rely on simpler but less reliable
cues. Kaiser et al. (1990) found that accurate perception of surface slope
depends on the orientation of the observer's flight path relative to the ter-
rain. Estimates are more accurate when the observer moves parallel to the
slope than toward it. Compensating for such perceptual errors may result in
a significant increase in workload during a critical phase of flight.

At night, the crews of tanks and helicopters use visual aids (such as
night vision goggles and thermal imaging systems) when monitoring the
environment. Although these devices do provide information that would
otherwise be unavailable, visual acuity, depth cues, and field of view are
limited. Thus, perceiving objects and distances is more difficult, and pe-
ripheral motion cues are unavailable or difficult to obtain. In addition,
object perception with thermal imaging systems is considerably more diffi-
cult than with direct vision. The visual display represents thermal differ-
ences rather than reflected light. Thus, objects may look very different than
they do with the naked eye (Foyle et al., 1990); surface texture and shading
are limited or inconsistent with the viewer's expectations; shadows, convex,
and concave areas may be either bright or dark depending on the polarity
selected; and objects may disappear if their temperature is similar to that of
their surround. Again, the perceptual demands thus imposed add signifi-
cantly to operator workload. A different but related visual factor that may
affect performance and workload is the use of spec.acles or contact lenses.
The National Research Council's Committee on Vision (1990; Flattau, 1991)
has documented the advantages and disadvantages of their use in military
aviation. These concerns should also be taken into consideration in this
environment.

In either monitoring or search tasks, attention is directed toward differ-
ent positions in space. particular information sources, or both. In monitor-
ing, the operator routinely scans one or more sources to detect the presence
of a previously specified signal or a change in the value of a particular
parameter. This task involves both temporal uncertainty (i.e., signals occur
infrequently and at unpredictable times) and spatial uncertainty (i.e.. a sig-
nal may occur in any one of many spatial locations or information sources).
In addition, monitoring continuously varying signals is more difficult than
detecting the occurrence of a discrete event. In the former, signals may not
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be uniquely specified and the operator must infer a change in system state
by integrating information from multiple sources (Wiener, 1984). The time
required to scan an array of instruments, and the demands thus imposed, are
influenced by the number of different fixations required. Moving the eyes
from one fixation to another takes from 70 to 700 milliseconds (Card et al.,
1986). A detailed discussion of the workload and performance effects of
monitoring is presented in Chapter 6.

Information From Auditory Displays

Auditory information may be presented as aural displays (warning tones,
beeps, synthetic voice messages) or voice communications among the crew
or with people located elsewhere. The increasing use of aural warnings (a
proliferation of beeps, buzzes, tones, etc.) in aviation demands increasing
perceptual accuracy to distinguish among the possibililies. Environmental
noise may create significant perceptual problems, particularly in tanks or
helicopters. Furthermore, transmission quality may make it difficult to
perceive a radio or intercom, Finally, many communications channels are
filled with messages directed toward others. Thus, crews must monitor
messages intended for other crews (in order to maintain situational aware-
ness) while identifying and paying particular attention to messages intended
for them.

An aural message lasts for a finite amount of time, and elements of the
message are presented sequentially. Thus, auditory messages have a certain
attention grabbing quality because they must be perceived as they occur. If
operators delay, they may miss important information. Furthermore, long
messages may impose additional memory demands. Perceiving individual
components is only the first step of perceiving the meaning of the whole
message, (Speech communication is discussed furLher in Chapter 10.)

Regional accents or computer-generated speech may increase the workload
of speech perception. For example, the use of synthesized, rather than
natural, speech for warning messages is becoming more common, Although
the artificial sound of the voice commands the operator's attention, specific
perceptual problems are created by speech quality (e.g., the pilots of trans-
port aircraft reported significant difficulties interpreting synthesized voice
messages used to convey critical warnings).

Thus, auditory workload is increasing as quickly as visual workload in
many complex systems. For example, civil and military pilots must monitor
an increasing number of communication frequencies to maintain coordina-
tion, as well as a variety of aural warnings. Soon auditory workload is
likely to become as significant a workload problem as visual workload.

Because the visual and auditory demands impo.:-ed on the operators of
many complex systems are so high, and because incoming information may
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be degraded or difficult to interpret, problems associated with the initial
perception of needed information impose additional demands on later cog-
nitive processes required to identify, interpret, and integrate the informa-
tion. Despite the likelihood that a relationship exists between perceptual
difficulty and workload, relatively little workload research has focused on
purely perceptual factors, Instead. the focus has been on the processes
required to interpret, transform, and remember information and formulate a
response.

Information Processing Variables

As the cognitive processing required to interpret incoming information
and select a response increases from simple rules of thumb to complex
algorithms, inference, or deduction, response time generally increases; er-
rors are more frequent- and experienced workload is higher,

Level of Processing

Different factors affect the processing required at one or more stages of
human information processing, For example, signal quality affects the ini-

*• tial processing stage, and uncertainty affects the response selection stage
(Gopher and Donchin, 1986), Craik and Lockhart (1972) suggested that
preliminary analyses focus on the physical features of a stimulus, while
later stages are more concerned with matching the input against information
stored in memory, extracting meaning, and enrichment or elaboration. Fa
miliar, meaningful input, which is compatible with existing cognitive repre-
sentations, is processed at a deeper level more quickly than is unfamiliar, or
less meaningful, input. Within this framework, workload might be linked to
the level and depth of analysis required to interpret and retain information.

Rasmussen (1982) identified three categories of tasks, differentiated by
the ILvel of processing required for their performance. Levels of processing
were associated with degrees of uncertainty, The greater the uncertainty
associated with selecting an appropriate response for a particular situation,
the higher the cognitive demands placed on an operator. For skill-hased
tasks, which are exemplified by highly practiced perceptual-motor skills,
there is a clear and unambiguous relationship between system states and
required responses, and no uncertainty about the mapping front stimulus to
actuon. Rule.based tasks are characterized by a set of appropriate actions
governed by explicit procedures. Once an operator has correctly recognized
the situation, the choice of actions is deterministic, following a set of if..
then rules. Knowledge-hasd tasks are ch.. acterized hy uncertainty, re-
quirements to develop novel solutions, and delayed or limited feedback.
These activities require operators to perform complex interpretation and
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decision making. Although tasks may be readily assigned to Rasmussen's
three categories, recent evidence suggests that their ordering of skill-rule-
knowledge does not necessarily correspond to their level of workload. For
example, Moray et al. (1988) found that skill-based tasks did impose sig-
nificant workload on people performing a complex video-game-like labora-
tory task. In fact, subjective workload estimates were often dominated by
the difficulty of the skill-based component of the task.

Since there is less uncertainty associated with skill- and rule-based
behaviors, these tasks are often candidates for automation. Knowledge-
based tasks are left for the human operator, as they are difficult or impos-
sible to automate. While it is in this domain that humans continue to
outperform machines, these functions are more difficult to learn, easier to
forget (as they are often quite abstract), and impose high workload (Hart
and Sheridan, 1984). In support of this concept, Tanaka et al. (1983) dem-
onstrated that automation did in fact reduce the workload of skill-based
tasks, but not rule- and knowledge-based tasks, in a laboratory flight simu-
lation. However, unexpected and abnormal events increased the workload
of rule- and knowledge-based tasks,

Closely related to the ski l-rule-knowledge continuum is the dichotomy
between automatic and controlled processing. If there is a unique and
consistent mapping between signals and actions, rapid and automatic pro-
cessing develops with experience (Schneider and Shiffrin, 1977). Process-
ing is fast, inflexible, difficult to suppress (once learned), and not limited
by short-term memory capacity or attention. Workload is generally low.
Similar improvementu may be found even when stimulus-response relation-
ships vary, provided the rules relating type:; of stimuli to appropriate re-
sponses are consistent (Kramer et al., 19881. When the relationship be-
tween signals and responses is not consistent, automatic behavior cannot
develop. Pocessing remains serial and capacity-limited in the mode known
as control processing. The higher-order mental processes requircd to select
a response increase response time and impose higher workload. Thus, a
consiutent relationship between the location, appearance, and meaning of a
particular display element, or class of features, will improve performance
and reduce workload. As an example, automatic processing will be more
likely to develop with a fixed display that has a fixed mode of information
presentation than a variable mode or multifunction display.

Processing Resources

More recently, performance limitations have also been linked to the
availability of iesoutces (i.e., hypothetical entities that represent the capac-
ity or mental energy available to perform a task). Early models (see, for
example, Kahneman, 1973), assumed that resources were limited in quantity
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but relatively nonspecific. Performance suffers if any task or combination
of tasks requires more capacity than is available. Evidence for an undiffer-
entiated pool of resources came from the observation that apparently unre-
leted activities interfere with each other's performance. Kahneman further
suggested that the arousal induced by some task requirements might in fact
increase available capacity. Although common expericce supports the no-
tion that people can perform incredible feats when highly motivated, the
concept of flexible capaciy proved to be difficult to test.

The common observation that tasks interfere with each other to differ-
ent degrees suggests the existence of independent resources for perceiving,
encoding, processing, and responding to different types of information. The
seminal papers written by Norman and Bobrow (1975) and Navon and Go-
pher (1979) resulted in hundreds of experiments designed to identify and
describe such resources. Most of these studies used a dual-task paradigm in
which pairs of tasks were presented that imposed various demands on dif-
ferent resources. Wickens's (1980) multiple resource model proposed the
following dimensions: input modality (visual/auditory), processing stage (per-
ceptual-central/response), processing code (spatial/verbal), and response modality
(manual/verbal). The relationship between performance in single- and dual-
task conditions was interpreted as evidence of competition for the same
resource or independent use of different resources.

The general finding has been that when the resource requirements of
two tasks are the same (e.g., visual perception, spatial processing, manual
response) and exceed an operator's capacities, then response latency, accu-
racy, or both on one or both tasks will suffer, But if, for example, one task
is presented auditorially (rather than visually) or requires verbal (rather
than spatial) processing or a vocal (rather than manual) response, it is more
likely that both tasks can be performed as well together as separately. For
example, Vidulich and Tsang (1985) found that performance was better and
workload lower when a visual-spatial-manual tracking task was paired with
a spatial transformation task presented auditorially and performed verbally
than with a visual-manual version. Similar results were found in a more
complex environment. Vidulich and Bortolussi (1988) conducted two simu-
lations of advanced Army scout/attack helicopter missions to evaluate alter-
native methods of entering discrete commands. Although commands took
longer to enter using a voice recognition system than with manual switches
(and subjective workload was higher), single- to dual-task performance dec-
rements were less for voice commands than manual. Furthermore, simulta-
neous helicopter control performance was better with voice commands. Manual
discrete tasks competed with manual flight control for limited resources,
whereas vocal discrete tasks did not.

Wickens's (1980, 1991) multiple resource model, based on extensive
experimental data, provides a useful tool for the designers of complex sys-
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tems. This model predicts the time-sharing efficiency likely for different
task combinations based on their resource-demand profile (see, for example,
Wickens, 1989). It provides a framework for evaluating the effects of
alternative design concepts on operator performance and improving the hu-
mati-machine interface. If an operator's visual capabilities are exceeded by
ongoing activities, then alternative display modes might be considered. If
control activities exceed an operator's manual capabilities, vocal controls
might be substituted for some tasks, and so on.

Although the research performed by Wickens and his colleagues clearly
demonstrated the performance problems associated with specific combina-
tions of task parameters, the relationship betwee-n resource concepts and
workload, at least subjective estimates of workload, was less clear (see, for
example, Vidulich and Wickens, 1986; Yeh and Wickens, 1988). Although
humans appear to be aware of the total demands imposed on them (created
by variations in task frequency, difficulty, and number), their estimates of
workload are relatively insensitive to resource competition. If this is true,
then it presents the operator of a complex system with a significant prob-
lom. If humans are not aware of the potentially detrimental effects of
specific task combinations on performance, then they might not adopt the
most efficient strategies for performing particular combinations of tasks
that momentarily exceed their capacities.

Memory Requirements

Most models of the human mind distinguish among different types of
memory: (1) modality-specific sensory r-gisters (in which auditory and
visual stimuli are repr~sented literally for no more than a few secondst; (2)
some type of resource-demanding short-term or working memory (in which
a limited number of items are held for seconds or minutes): and (3) long-
term memory (in which vast quantities of information are held for long
periods of time), Although attention is not required for information to enter
sensory registers, the information will be lost by the process of displace-
ment unless it is transferred into working memory for further processing
(Neisser. 1976). Short-term memory is used to tvmpo,'arily hold and ma-
nipulate new information or that retrieved from long-term memory. Only
some of the information once held in short-term memory is transferred to
long-term memory for more permanent retention. It is unlikely that the
prodMcts of preliminary or intermediate analyses are retained. Craik and
Lockhart (1972) suggested that the persistence of information in memory,
and the way it is encoded, depend on the level or depth of processing it
received initially.

Because there are severe limitations in the number of separate items
that can be retained in working memory at any point in time, errors are
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more likely for tasks that exceed this capacity (Card, 1989). Miller (1956)
placed this limit at seven items, plus or minus two. However, he also
suggested that chunking related informatio, could increase this apparent
limitation. Chunks were described as composite units created by grouping,
organizing, or recoding a group of otherwise separate elements based on
rules stored in long-term memory. Although a useful concept, the possibil-
ity of chunking eliminates the feasibility of assessing the processing de-
mands of tasks based solely on their formal properties or surface structure.

Information decays rapidly from short-term memory, and not all infor-
mation is retained equally well, For example, the last items in a list are
generally recalled most accurately (i.e., recency effect), followed by the
first items In a list (i,e., primacy effect) (Postmnan and Phillips, 1965). Al-
though information can be retained in working memory almost indefinitely
by active rehearsal (Baddeley, 1986), some or all of it may be lost if new
information or higher-priority tasks intervene (ie,, it is difficult to remem-
ber a telephone number while also engaging in a conversation). However,
there may be different types of working memory capable of retaining and
processing different types of information. For example, Baddeley and Hitch
(1974) proposed two relatively independent processors: one that stores and
manipulates verbal information, and another that stores and manipulates
visual-spatial images.

As the demands imposed on short-term memory are increased, tasks are
perceived as being more difficult. Thus, tasks that require short-term memory
often impose greater workload than do tasks that require retrieval of infor-
mation from long-term memory. For example. Berg and Sheridan (1984)
found that pilot workload was significantly higher and flying performance
was significantly worse for flights that imposed short-term memory de-
mands than for those that required long-term memory.

Since memory is fallible, particularly when interruptions occur, written
procedures and checklists are used in many operational environments Io
reduce operator workload and decrease the probability of errors. lhowever.
since retrieving the appropriate page from a manual may take aln Unaccept-
able amount of time in an emergency situation, critical items (eg., the first
few steps in an emergency checklist) are committed to memory, This en-
sures a rapid and appropriate response when stress or time pressure inler-
fere with operators' Inalytical and decision-making abilities. Alternatively.
people may deliberately bring information that they anticilpate needing into
working memory, where it will be readily accessible. They recognize that it
takes time to access information from long-term memory and thai they may
lorget important information under time stress.

A series oll' act ions that often oocur togelhor may beconme integrated
into a high-level action sequence and represented in menmory as a single
event. However, if information is remembered as an element of an ordered
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list, or if a series of actions are represented as an integrated unit, it is more
difficult to retrieve an individual element of this series from memory, Just
because people possess relevant knowledge in long-term memory does not
guarantee that this knowledge will be activated when needed (Woods, 1989).

Display-Control Compatibility

The way in which information displays are mapped onto the appropriate
responses influences both workload and performance, In general, responses
are faster and more accurate when there is a spatial correspondence between
the position and direction of movement of stimuli and control responses,
correspondence with population stereotypes, compatibility between stimu-
lus and response modalities, and agreement of control dynamics with task
requirements (Jagacinski, 1989). As one example, the traditional relation-
ship between helicopter controls and displays places the instrument for alti-
tude (which is controlled with the left hand) on the right and for speed
(which is controlled with the right hand) on the left. Craig et al. (1983)
found that a more compatible arrangement resulted in faster movement times
than did the traditional arrangement (e.g., responses were I to 2 seconds
faster with a compatible arrangement).

The compatibility between display modality, response modality, and
type of processing required to perform a task also influences performance
and workload (Vidulich and Wickens, 1996: Wickens et al., 1983), For both
discrete and continuous control tasks, single-task performance and lime-
sharing efficiency are better when display modality is compatible W ith: (I)
the way information is cognitively represented and processed (eg., visual
displays are more compatible with spatial processing, auditory displays are
more compatible with verbal processing) and (2) response modality .g,,
auditory displays are more compatible with vocal responses; visual displays
are miotre compatible with manual responses). Since incolpatible arrange-
lents impose additional information processing demands, it is reasouablc

1t assumnet, they should increase workload, as wcIl as slow lcrformanice
(Andre and Wickens, 1992),

t' inftormation m1ust be transformed fro•n one formnat or orientation to
antiotl i it) 0COnl)Ietc a task, workload and responi,;e ti tne are increased. For

example, King el al. (1999) found that response time and suhjective work lomd
increased when mental rotation was required it) bring two i!cts into align-

ent I[or conipari.,on. Arelt (1)990) I'ndll, ais others hveT, that thi, lime
reqliled It) mentally rotate a miapl it) bring it into alignmllent with the exler-

nal scetle increased from 3.7 it) 4.2 seconds, as the differcnce in ot'•ittilHon
icircascd froll 0 it) 18() degrves.

It informat ion mult" be trai'flsolllLd Iroin one fornln to allot tL, Io p1r
IOrnm sequential tasks, responise lime is lonpger and subjective workload is
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higher than if the two tasks share common input modalities and processing
codes. For example, Hart et al. (1986) found that visual-spatial target ac-
quisitions took longer and imposed higher workload when the target to be
acquired was identified by auditory rather than visual displays or by ver-
bally coded rather than spatially coded commands.

These and other results suggest that unrelated but concurrent tasks hen-
efit from displays that require different sensory modalities, processing codes,
and response modalities. However, performance on functionally related,
sequential tasks benefits from compatible display modalities, central pro-
cessing codes, and response modalities. The former reduces competition
for limited resources (thereby reducing workload and improving perfor-
mance), whereas the latter promotes subjective integration and reduces the
need for transformation (also reducing workload and improving performance).

Output Variables

Although the intrinsic difficulty of a task determines the demands im-
posed on an operator, the interface that is provided to accomplish the task
has a significant influence on the workload actually experienced. Poorly
designed controls, high-oraer system dynamics, inadequate displays, and
incompatible controls and displays may make it difficult for an operator to
accomplish even relatively easy tasks,

Control Design

Many reml-world tasks require discrete, transient, periodic, or relatively
contituous control inputs in response to direct or indirect feedback from the
environment, Pilots move the control yoke to change heading or altitude,
drivers steer their vehicles down a road, and gunners track and acquire a
target. The workload of these activities depends on the independent and
joint effects of: (I) the frequency, duration, and force of control inputs
required to change (e.g.. complete a turn, move the reticle over thie target)
or maintain the state of the system (e.g., minimizing the effects of distur-
bances created by uneven road surface, wind gusts), (2) the way control
inputs map onto a change in system state, (3) the way changes in system
state are displayed, (4) the physical characteristics and dynamics of the
control device(s), (5) the number of axes controlled, (6) the availability of
predictability and preview, and (/) the required precision. Although control
tasks may impose relatively constant physical demands (i.e., operators' hands
and feet are busy), cognitive demands may be low (i.e., perceptual-motor
tasks may require little thought for an experienced operator, such as a back-
hoe operator).

Manui, control workload is influenced by the physical and dynamic
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characteristics of the control device itself and of the system controlled.
There may be one (or many) control devices used to operate a system. A
single control input may impact several systems, or coordinated use of
several controls may be required to make i; single change in system state.
Control devices may be single- or multiaxis, The ,nare complex the control
system, the greater the workload of the operator. For example, the more
axes that must be controlled simultaneously, the higher the workload of
pilots in simulated flight (Kantowitz et al,, 1984; King et al., 1989). For
most vehicle control tasks, workload and perfo-mance are influenced by
interrelationships among axes of control. For example, if a helicopter pilot
pulls back on the cyclic to gain altitude, he must simultaneously add power
(with the collective) to maintain a constant speed. If he banks to the right
to execute a turn, h. must increase pressure on the pedals to counteract the
additional torque. These complex interrelationships among control devices,
control surfaces, and vehicle state impose additional cognitive load on op-
erators.

Control Gain and Display Gala

Control gain refers to the displacement or force required to achieve a
given change in system state. In high-gain systems, smali control move,
ments produce large outputs. In low-gain systems, large control movements
are required to achieve the same effect, Display gain refers to the way in
which changes in system state are presented to the operator. A high-gain
display reflects even minor variations in system state; while, a low-gain
display reflects only those changes that exceed some threshold. Although
humans are able to compensate for variations in control und disn!ay gain
over a wide range (Wickens, l986), additional workload is impoied when
control or display gain exceeds an optimal range, is poorly matched, or is
inappropiate for a specific task. if gain is too high, the effects of even
small coriections are magnified and the operator must make very fine ad-
justments to avoid introducing errors. Oscillations and overcorrections are
often the result. If gain is too low, frequent or large-amplitude movements
may be required, inducing physical fatigue. While high-gain systems re-
duce the workload of the initial phase of target acquisitions (the higher the
gain, the smaller the control displacement required), they impose additional
workload during the final phase (the higher the gain, the finer the correc-
tions required to remain over the target area).

Control Lag and Display Lag

A lag in the system's response to a control input can increase operator
workload, although a pure time delay is not particularly disruptive when
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inputs are predictable (Wickens, 1986). Generally. as the delay between a
control input and a change in the display of system state increases, tracking
error and workload increase. Levison et al. (1979! found that performance
was disrupted by delays as small as 80 milliseconds between simulator
motion and visual displays, Preview can improve performance and reduce
workload; that is, when the operator can see ahead and anticipate future
control requirements (e.g., view turns in the road ahead, predict periodicities
in disturbances) operatois can shift from a reactive to a proactive mode of
behavior, Time lags coupled with high gains produce dynamics that are
likeý, to be unstable and oscillatory.

Order of Control

Control dynamics generally fall in.o one of three categories (or are a
combination of more than one): (1) Zeco-order or position controls are the
ea.iest to conceptualize and use. A deflection of the control stick causes
the controlled element to move in the direction the stick was deflected. If
the stick is held steady in one position, the controlled element remains
stationary. (2) First-order or velocity controls command rate. If stick de-
flection is constant, velocity and direction are constant; the greater the stick
deflection, the faster the controlled element moves in that direction. (3)
Second-order or acceleration controls command rate of change; the greater
the stick deflection, the faster the controlled element accelerates in that
direction. If stick deflection is held constant, the controlled element will
move in the commanded direction at an increasing velocity.

Although tracking performance and workload are not generally differ-
ent between zero- and first-order controls, they differ significantly between
first- and second-order controls (Vidulich and Wickens, 1984: Wickens,
1986). The difficulty of higher-order control ik attributed to thc amount of
lead, or prediction, an operator must generate to achieve the same level of
performance, the information processing required. and the complexity and
number of inputs necessary to achieve the same result. For target acquisi-
tion, as with cominuous tracking, the higher the order of control, the greater
the demands placed on the operator. Put very simplistically, position, Vw-

locity, and acceleration controls require a minimum of one, two, or three
control inputs to bring and hold a reticle over a target.

Computer Aiding and Automation

Computer aiding and automation are introduced to reduce operator wvrkload,
increase safety, improve perfoimance, and extend mission capability. In
automobiles, automatic transmission and cruise control reduce the need for
gear changes and continuous operation of the gas pedal. In transport air-
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craft, autopilots achieve and maintain the flight pah based on information
entered by the pilot before takeoff or modified inflight by single, discrete
commands. In military jets, terrain following/terrain avoidance algorithms
process mission, terrain, and threat data to project and follow an optimal
Ilight path. In many environments, even system monitoring is accomplished
automatically, providing the operator with visual and/or auditory alarms
v.'hen a failure occurs. Expert systems are being developed for use in high-
performarice aircraft that will infer the pilots' intentions and evaluate the
degree to which his commands support, or conflict with, his current goals
(Rouse et al., 1090).

Given the increasing complexity of many advanced systems, operators
are no longer able to control the system without assistance. Thus, various
methods of alleviating their workload have been introduced. For example,
direct displa.ys of system parameters (which may be noisy, high-order, and
unintegrated) might be replaced by displays that filter noisy inputs, appear
to be of a lower order, and integrate the outputs of related subsystems.
Predictor displays can depict estimates of the fIture state or position of the
system based on its current state and assumptions about the operator's fu-
ture control activity (Wickens. 1986) and present this information to the
operator in graphic form, Because predictor displays perform some integra-
tion and projection for operators, thus allowing them to be proactive rather
than reactive, they often improve the accuracy and smoothness of control
activities and reduce operator workload.

Stability augmentation systems reduce the frequency and order of ctn-
trol inputs required of an operator. For example, a number of the stability-
control augmentation systems evaluated in a simulated advanced Army heli-
copter significantly reduced pilot workload (Haworth ct al.. 1987), but the
benefits varied across mission segments. Fully automratic systems allow an
operator to c ,ter a desired outcomne directly (e.g.. a new heading) while
underlying subsystems manipulate the control surfaces to achieve the de-
sired state. In fact. as the level of control augmentation increases beyond
some point, the role of the operator shifts from that of manual controller to
system monitor.

Vienneau and Gozzo (1987) evaluated the effects of automating eight
different subsystems in simulated military missions conducted in a single-
pilot advanced scout/attack helicopter. They found, as did Haworth et al.
(1987), that. automation aided pilots in managing workload peaks and re-
duced overall workload, For exampl', computer-aided systems for commu-
nications (with voice-activated frequency selection) and navigation (with a
digital map display) reduced flight path deviations by an average of 6!
percent and time en route by 70 percent. Again, differential benefits were
found across mission segments and greater improvements were found for
high-workload activities. Vienneau and Gozzo suggested that workload
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reductions might be achieved by either the addition of automated subsystems
or by increasing the efficiency of the human's interface with the system.

Automation does not always reduce operator workload. Often, it sim-
ply replaces one form of workload (the physical demands of manual con-
trol) with another (the perceptual-cognitive demands of monitoring the sys-
tem) (Hart and Sheridan, 1984). Designers tend to automate tasks that are
easy to automate. As discussed earlier, these are usually the skill-based
tasks that are also easy for a human to perform. This often leaves the
operator with a collection of unrelated activities to perform that are too
ambiguous or unpredictable to automate and that impose equally high de-
mands on the operator. Finally, automation reduces an operator's direct
involvement with and knowledge of the system and may make it more
difficult to detect errors or assume control if the automated system fails.
For example, Wickens and Kessel (1979) found that people are better able
to detect a sudden change in system state when manually controlling a
system than when supervising the performance of an automated system.
Thus, opportunities for system error may, in fact, increase, Long delays
between an operator input and its ultimate effect decrease the probability of
detecting and rectifying a human error (Kantowitz and Casper, 1988) or a
system error. Although airline pilots have found automation to be useful,
they do not necessarily agree that it has reduced their overall workload
(Wiener, 1989; Wiener and Curry, 1980).

In many cases, automation is introduced to allow a reduction in crew
size or an increase in mission capability. This creates the potential for
increasing the workload of remaining crew members if the level of automa-
tion is not sufficient, Even with a fully functioning system, it is difficult to
replace a human operator completely with an automatic system. For ex-
ample, Haworth et al. (1987) found it was impossible to achieve the same
level of workload typical of two-pilot crews foi the single pilots of a highly
automated simulation of an advanced Army helicopter. In addition, workload
and performance predictions and system evaluations (on which crew complement
decisions are based) assume the appropriate use of available automation. If
the systems are too numerous or complex to be used effectively, or if they
fail, the burden of accomplishing the mission rests on the operator(s), who
may experience far higher workload than anticipated. Finally. the contro-
versy continues about how to allocate tasks between humans and machines
and whether the operator should retain control or allow an automated sys-
tem to override human decisions.

SUMMARY

In some cases, it is apparent that human limitations reflect the conse-
quences of poorly designed controls, displays, and automatic subsystems.
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In others, task demands simply exceed the operator's capabilities either
momentarily or for extended periods. Despite their limitations, humans are
remarkably flexible, adaptable, and capable. They can improvise, compen-
sate for inadequate information and system or human failures, adjust to
novel situations, exhibit graceful (rather than catastrophic) degradation, plan
ahead, predict the outcome of familiar and unfamiliar events, and learn
from experience. However, the consequences of extreme demands and re-
quirements to act creatively and adaptively impose significant workload on
the human operators of complex systems.

Regardless of the specific source(s) of workload at any point in ,ime,
adequate training and preparation, adopting strategies and tactics most ap-
propriate for the situation, effective leadership, and smooth crew coordina-
tion can counteract some of the detrimental effects of imposed task de-
mands, transitioning from one mode of behavior to another, environmental
stressors, and fatigue. The more actions that have become automatic through
training and experience and the more predictable events seem through plan-
ning and rehearsal or availability of preview information, the more likely it
will be that crews will respond appropriately and sustain adequate perfor-
mance for as long as necessary.

There are several significant factors that characterize the transition from
low to high workload mission phases. One, of course, is the absolute level
of workload. There is no question that workload is higher during an en-
gagement than before. However, the fact that the sources of workload are
significantly different between the two phases may present a greater prob-
lem. The nature of the task demands shifts from preparation to action; from
static to dynamic; from long lead times to short: from passive monitoring
and maintenance to active information seeking, control, and operating: from
direct interaction to radio communicationi; from predictive to compensa-
tory behaviors; from planning to reaction, from organized procedures and
schedules to spontaneous actions.

Crews may adopt different strategies for coping with a sudden increase
in workload, They may choose to process fewer events (e.g., selectively
attend to fewer tasks, defer activities, monitor fewer channels, ignore infor-
mation about expected events, or consider fewer alternative hypotheses).
Alternatively, they may choose to process events less completely (e.g.. sample
information sources less often, seek less corroborating evidence, be satis-
fied with partial feedback, narrow the field of attention, pursue fewer pos-
sible explanations, or limit their anticipation of what might happen next)
(Woods, 1989), Although either of these strategies might be effective in
reducing workload in the near term, they also might shift such workload to
a later time. Furthermore, incomplete attention to the current situation and
tasks is more likely to result in errors, which will impose additional workload
to rectify.
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A shift in the nature of task demands, accompanied by ,r, ;ncrexse in
time pressure and uncertainty, requires a significant char.C in .,e .-...m's
behaviors and strategies, which in itself imposes additional ,kload. Ti
addition, boredom, impatience, or apprehension (which may characterizi.
the premission phase) are replaced by stress and fear following a transition.
While the latter factors increase the level of arousal and focus the attention
of the crew (a potential benefit for performance) they may impair the crew's
ability to perform accurately and effectively, thereby increasing the effort it
must exert to maintain acceptable performance. These stress effects are
addressed in the next chapter.
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Stress

The battlefield environment is u stressful place and, as graphically de-
scribed by Keegan (1976), those stresses are amplified within the armored
v•ehicle. Indeed, the post-transition phase of any team situation will impose
a substantial degree of stress, incorporating time pressure at a minimum,
often augmented by danger, noise, and a host of other environmental stres.-
sors. The concept of stress as it influences human performance may be
understood in the context of Figure 4.1. At the top of the figure are identi-
fied a set of stressors; these are influences on informatinn processing and
cogniition that are not inherent in the content of the inlormation itself. Stressor:s
may include features of the work environment like noise, vibratioit, 1ttat.
dim lighting, and high acceleration, as well as such psychological factors as
anxiety. fatigue. Mid dangei. Such stressors may have, dilferenti manifesta-
tions: subjective experience, physiological changes, and perfo~rmance dec-
renients.

Stressors may affect a subjective experience. For example, individuals
are usually (but nut always) able to report a feeling of frustration, or arousal.
as a consequence of a stressor. Closely linked, a change in physiology is
often observahle. This might be a short-term change--such as the influence
oni heart rate associated with the demands of flying as pilot-in-comnniand
(lart and Hauser, 1997) or the stress of controlling air traffic in high-load
situations (Romhert, 1979). Or it might be a more sustained effect, such as
the chu.ige in the output of catecholamines, measured in the urine, after
periods of simulated combat maneuvers flying in an F16 (Blurton et al..
1977). inflighit emergencies, or actual battlefield events (Bourne, 1971).

94
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The subjective and physiological characteristics are often, but not invariantly,
linked. The subjective experience of stress may also mediate perfoimance.
For example, one who does not realize the risk or danger of a particular
situation will experience less stress than one who does a subjective ap-
praisal of the situation, thereby mediating stress effects on performance
(Coyne and Lazarus, 1980).

As Figure 4.1 shows, the effects may be either direct or indirec.. Direct
effects are stressors that influence the quality of information perceived by
the human operator or the precision of the motor response. For example,
vibration will reduce the quality of visual input (as well as the quality of
motor output), and noise will do the same for auditory input. Time stress
may simply curtail the amount of information that can be perceived, in a
way that will quite naturally degrade performance. Direct effects also in.
clude the effects of noise on working memory (Poulton, 1976); rehearsal of
a set of instructions or coordinates, for example, will be more difficult in
noise. Direct effects can alo,. include the distraction experienced by an
operator who is concerned about personal problems or danger, who may
therefore redirect attention to thinking about those problems, rather than to
thef job a't hand.

Some direct-effect stressors (e.g., noise ot vibration) as well as others
for which no direct effect can be observed (e.g., anxiety or fear) also influ-
ence the efficiency of information processing. In this chapter we first con-
sider stressors that arc characteristic of the physical work environment in
which the tank crew operates, described in Chapter 1. We then address
what is known about the effects of psychological stress on performance

-- STRESSORS

Direct... • Indirect.., Direct.,.
E.g., lighting, \ Eg., anxiety, Eg., heat,
noise, heat, fear, fatigue vibration
vibration I

I
I

INPUT 4NOMTO InE RINOR MATIonINPUT ~PROCESSING L ~BHVO

FIGURE 4.1 Influence ot' stress on human perforniance.
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under coaditions of high anxiety and arousal. Finala>, we consider stress in
the context of tcar. performance, examining the characteristics of teams
that make them more stress resistant. The discussion emphasizes to a greater
extent the stress effects present in the post-transititn period. In Chapter 5
we consider the most potent stressors of the pretransition period: sleep loss
and fatigue and their Influence on both pre- and post-transition performance.

STRESS IN THE WORK ENVIRONMENT

The term work environment encompasses all the variables that deter-
mine the physical comfort level of users. These include ambient tempera-
ture, relative humidity, atmospheric pressure, airflow, the presence or ab-
sence of noxious fumes or toxic substances, motion, acceleration (normally
expressed as G-loading), and ambient sound and light levels. For most of
these parameters there exist absolute limits within which humans can func-
tion and beyond which they cannot function or, for some variables, even
survive. There are, in general, much narrower limits within which humans
feel comfortable. An example of such a comfort zone is contained in the
American Society of Heating, Refrgerating, and Air-Conditioning Engi-
neers (ASHRAE) comfort standard (American Society of Heating, Refrige-r-
ating, and Air-Conditioning Engineers, 1985). The definitive military hu-
man factors standard, MIL-STD- 1472C (U.S. Department of Defense. 1981),
specifies such zones for several environmental variables,

The degree to which comfoit enhances performance is a function of the
nature of the tasks that must be completed. The differential effects of many
environmental factors have been demonstrated on the performance and physical
workload of various types of tasks. There are well-known relationships
between certain environmental variables, such as ambient temperature and
relative humidity and the ability to do physical work (Occupational Safety
and Health Administration, 1974). Among the factors known to increase
workload or, more accurately, to decrease pcrftormance are high levels of
ambient noise (Davies and Jones, 1982), high temperature and humidity
(Hancock, 1981), low temperature (Enander, 1984), and motion and vibra-
tion (International Organization for Standardization, 1978). Obviously, high
levels of toxic materials in the environment can have a substantial impact
on the user's ability to perform tasks.

The tank environment combines some of the most potent factors that
have been shown to adversely affect performance. Even in a nonchemical/
biological-warfare (non-CBW) battlefield scenario, tank crew members are
subjected to elevated temperature and humidity due to the fact that tanks are
not air conditioned. Heat casualties are quite common during training in
field exercises. It is also common for the interior of the tank to be filled
with noxious fumes from leaking hydraulic fluid and spent propellant from
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ordnance. When buttoned up, the interior of the tank is pressurized by an
air movement system that brings outside air in through filters that remove
particulate and some chemical components. This air is not conditioned for
temperature or humidity. In the CBW battlefield environment, these condi-
dions are exacerbated by the requirements of wearing environmentally pro-
tective clothing or "MOPP gear" and remaining buttoned up inside the tank
for long periods of time.

Even in non-CBW environments, all crew members must wear helmets
with integral earphones and a movable microphone. The purpose of these
helmets is not so much to protect crew members from external ordnance as
it is to protect them from head injuries caused by hitting the interior surface
of the tank while it is moving over terrain. The large, fully enclosing
earphones insulate the crew members from noise generated by the tank
running gear. The helmet allows crew members to communicate with each
other and with other tanks in their platoon. Unfortunately, the helmets are
heavy and tend to trap heat. The earpieces press against the sides of the
head causing discomfoit after even short periods of time.

It is reasonable to infer that environmentally extreme conditions will
affect some tasks more than others. Some tank crew positions are primarily
physically oriented, i.e., those of loader and driver, whereas others are con-
cerned mainly with cognitive tasks, i.e., those of gunner and tank com-
mander. However, even those crew positions that are physically oriented
have task responsibilities that require mental sharpness. Specifically, all
crew members are expected to search for threats and targets, During opera-
tions of long duration, the crew is put on a sleep-wake cycle that requires
all crew members to assume the responsibility of searching for enemy threats.
The result of this division of responsibilities is that adverse environmental
factors are likely to increase the workload of all tank crew members and,
consequently, decrease the performance of the tank crew as a whole.

Long-duration operations also bring into play another cnvironmental
factor that should be noted. Tanks contain no toilet facilities. When but-
toned-up, crew members are not allowed to leave the confines of the tank.
The unpleasant, but inevitable result of these restrictions is that all bodily
functions must be accommodated within the tank. It is prob, :1, an under-
statement to observe that such a situation can lead to an enviro iment that is
not conducive to 4uperior task performance.

STRESS AND HUMAN PERFORMANCE

Many aspects of the relation between stress and performance are related
to the construct of arousal. The relation between stress-induiced .. )usal and
performance has sometimes been described in terms of an iný ,rted U-shaped
fuaction, as shown in Figure 4.2. With increasing arousal, performance
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Simple Task

Optimum Level

I Complex Task

Level of Arousal

FIGURE 4.2 Thel Yorkes.Dodson law, The solid portion or the curve represents
the arousal effects, The dashed portion represents the eff'ects c:aused by attentional
narrowing.

first improves, up to an optimal level. and then deterio•rates when arousal is
too high. Bused on data originally collected in 1908. the relation is some-
times called the Yerkes.Dodson law (Yerkes anti Dodson, 190•(8) and] hals
served as a framework tfor tinderstanding human pertformncame under stress
by more recent investigators (Broadbent, 19•71-, Easterhrook, '1 •11J; Kalhnenian.
1973). An example of the role of stress !in the inveried-L) relation is pro-
vided by an experiment carried Out by Sinionov et al. (1977), Sinionmov ct
al. measured performance of parachute jumpers on it visual defection task,
us the time of their first jump approached. As time passed and their level of'
stress (as,;essed by physiological measures) continuously increased. perror.
manee first impro•.ed and then degraded until just prior to the jumnp,

Elaborating on the Yerkes-Dodson law, analysis and synthesis of ex-
perimental datal carried out by Eusterhrook (1959)) anti Kahinenlan (1973)
suggested that the upward and downward "limbs" of' the inverted-LI shown
in the figure are the results of dit'Y.-rent fat'Lors. The upward linib appears to
result from Lin energizing process. which sinipl exspands tile amount or

I .o
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cognitive effort or resources mobilized for task performance. In contrast,
the downward limb is the consequence of' a more specific effect of high
arousal on the selectivity of attention, which causes the operator to focus on
a more restricted set of environmental or internal sources of information,
An appropriate metaphor is to say that high levels of stress narrow the
spotlight of attention,

Extending this argument logically leads to the conclusion that high
arousal should be more detrimental to tasks that require the processing of
several information sources (i,e., complex tasks) than to tasks which depend
on only a few cues (iLe,, executing a well-practiced skill), This difference
In arousal effects resulting from task complexity is depicted by the differ-
ences between the two curves in Figure 4.2. The optimum level of arousal
for the simple (or the more highly practiced) task is higher than for the
complex task,

A relevant example of the different effects of stress on performance as
a function of complexity Is an experiment carried out by Berkun (1964).
Using Army soldiers engaged In simulated (but highly realistic) tasks, Berkun
employed three different experimental manipulations to induce a very real-
istic experience of stress. In one manipulation, subjects were led to believe
that the aircraft in which they were flying was In danger of crashing-as
they attempted to fill out an insurance form. In a second manipulation
imposed during combat exercises, subjects were led to believe that artillery
shells were exploding around them us a result of a confusion about theii'
location, as they tried to follow procedures to Initiate a radio call to redirect
the fire, In the third manipulation, subjects believed that a demolition that
they had initiated had accidentally caused a serloaS injury to one of their
fellow soldiers, and they were, now required to call for medical assistance,
Thus, in all cases, subjects were deceived to believe that they, or someone
for whom they felt responsible, were at serious mortal risk, Berkun found
thait in till three cases, the high level o0 stress a1nd a•rusa indluced by the
anxiety or perceived danger led it) degraded performance on following the
necessary procedures. However, this degradation was less for soldiers with
greater experience. This last finding may be placed nicely into tile context
of Figure 4,2, it' it is assumed that the more skilled soldier faces P less
complex task in problem solving. Much of the perceptual and short-term
memory requirements of task solution Lire replaced by dirk' t recall trom
long-term memory, The Increased arousal caused by stress then exerts a
less degrUding effect.

While Berkun's study clearly illustrates the loss of performance under
stress, it is less illuminating regarding the qualitative matinner in which per-
formance is affected, This issue of qualitative stress effects will now be
addressed in more detail,
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QUALITATIVE PATTERN OF STRESS EFFECTS

Hockey (1984, 1986) ex'panded on the two factors (arousal and tunnel-
ing) that underlie the Yerkes-Dodson law and has attempted to identify
more subtle patterns of stre,, effects on performance. Reviewing a large
number of studies that examined the effects of itress on human perfor-
mance, Hockey distilled the pattern of stress effects into the form shown in
Table 4.1. Each stressor appears to be identified by a profile or signature of
effects across a set of five critical information processing components: general
arousai, selectlvity of attention, speed and accuracy of performance, and
capacity of ,ihort-term memory (working memory),

The focus in this aection is on a stressor that is an imp')rtant character-
istic of many operational environments in the team transition situation: the
anxiety. fear, or arousal associated with failures of task performance or
dangerous, threatening environments (Idzikowski and Baddeley, 1983a, 1983b).
This fear is often coupled with a shortage of time to deal with the crisis.
(The direct effects of time pressure on performance were discussed in some
detail in Chapter 3.) This stressor may characterize the experiences of the
flight crew, following an engine stall in midair in which both danger and
time stress are imposed; the nuclear control -oom personnel, following ini.
tial alerting of a failure; or the tank crew moving into combat, Idzikowski
and Baddeley (1983a, 1983b) present a review of research and case study
findings related to this form of stress: the reader can refer to treatments by
Hamilton and Warburton (1984), Broadbent (1971), and Hockey (1986) for
broader discussions of stress, In the following review of research, we also
capitalize on the psychological equivalence of signature patterns between
noise and anxiety us shown in the table, allowing us to extranolatL from the
effects of noise to those of danger-producing anxiety, It is reasonable, also,
to assume that in the noisy and dangerous environment of the tank, these
two effects would be additive. In the following discussion, we use the term
stress to refer to the combined effects of danger, anxiely, and noise, Within
the framework of teams in transition addressed in lhist report, the transition
effects involve a rapid jump from the left to the right side of the Yerkes-
Dodson curve, Our focus in Chapter 5 is on the left side of the curve. Here
we address performance effects on the right or high end.

Attentilonal Tunneling

Wellman et al, (197 1) compared the pertormance of two groups ot divers
on a central and peripheral signal detection task. One group was led to
believe It was under conditions of it 60 foot dive In a pressure chamber: the
other was not. In fact, there was no change in pressure for either group.
Both groups showed similar performance on the central task, but perfor-
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TABLE 4.1 The Patterning of Stress Effects Across Different
Performance Indicators.

Performance Indicators
Speeded Responding

GA SEL S A STM Sources/Reviews

Noise + + 0 - - 2.3,4,5,7,8
Anxiety + + 0 - - 4,12
Incentive + + + + + 2.4,5
Stimulant drugs + + + 0 - 2,4,13
Later time of day + ? + - - 1,2,4.5,6,8
Heat + + 0 - 0 2,4,11
Alcohol - + - - - 2,4,7.8,13
Depressant drugs -.. . . 2,4,10.13
Fatigue - 4. - - 0 2,4,9
Sleep loss - - - 0 2,4,5,7,8
Earlier time of day - 7 - + + 1,2,4,5,6,8

The table summarizes the typical outcome in various studies using these stress variables in
terms of their effect on the five behavioral indicators show: GA - general alertness/activution
(subjective or physiological arousa!); SEL - selectivity of attention; S and A refer to overall
speed and accuracy measures in speeded responding tasks; STM - short.term memory, A
plus (+) indicates a general increase in this measure, a zero either no change or no consistent
trend across studies, and a minus (-) a general tendency for a reduction in the level of the
indicator, A question mark is used to indicate cells where there is insufficient data. Sources
of data: (I) Blake (1967a, 1971); (2) Broadbent (1971); (3) Broadbent (1978): (4) Davies &
Parasuraman (1982); (5) MXW Eysenck (1982); (6) Folkard (1983); (7) Hamilton. Hockey, &
Rejman (1977); (8) Hockey (1979); (9) Holding (1983); (10) Johnson and Chernik (1982); 111)
Ramnsey (1983); (12) Wachtel (1967, 196.); (13) Wesnes and Warburton (19i3),

SOURCE: GRJ. Hockey, "Changes in Operator Efficiency as a Funvtion of Stress, Fatigue,
and Circadian Rhythms." P. 44.39 in KR. Roff, L. Kaufman, and J.P. Thomas (eds.). Hand-
book of P-re'eptioti and Humnsan Petformanc,. Chichester, England: John Wiley and Sons.
1986, Reprinted by periission.

mance on the peripheral task was significantly degraded for the pressure
group. This group also showed greater anxiety-related increases in heart
rate, substantiating the increased level of stress, Stress may also cause a
focusing of attention on one particular task or cognitive activity, as well as
on a particular perceptual channel. In the analysis of cockpit voice record-
ings at times of high stress prior to accidents, Helmreich has found evi-
dence of severe breakdowns in the pilots' ability to handle multiple tasks or
ntuitipic 0utlcCrIIs.

Although perceptual or cognitive tunneling produced by stress usually
degrades performance, it is also possible to envision circumstances in which
this tunneling may actually facilitate performance, in which focused atten-
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tion on critical task aspects is desired. Indeed, this positive effect was
observed in a study by Houston (1969), who found that noise stress im-
proved the focus of attention on the relevant aspect of a stimulus and re-
duced the distracting effect of irrelevant aspects.

Data provided by Houston's experiment and others suggest that the
attentional or cognitive tunneling resulting from stress is defined in terms
of subjective importance or priority. That is, performance of those tasks or
processing of that information thought to be most important remains unaf-
fected or perhaps is enhanced (through arousal), while processing informa-
tion with lower perceived priority is filtered (Bacon. 1974; Broadbent, 1971).
In one sense, this kind of tunneling is optimal, but it will produce undesir-
able effects if the subjective importance that defines the attended channel
proves to be unwarranted. Such was the case, for example, in the incident
of the Three Mile Island nuclear power plant (Rubinstein and Mason, 1979).
Immediately after the crisis in the plant developed and under the high stress
caused by the initial failure, the operators appeared to be fixated on a single
faulty indicator, supporting an incorrect belief that the water level in the
reactor was too high, thereby preventing their attention from focusing on
more reliable indicators that supported the opposite (and correct) hypoth.
esis. As suggested by this example and elaborated below, this narrowing
effect can be directly related to biases in decision making. But for the
operator who has a well-structured and accurate model of task demands and
a well-developed skill in discriminating sources of useful (versus trivial)
information, it can be expected that stress should lead to little degradation
of performance, as reflected by the behavior of the United Airlines flight
232 crew (Predmore, 1991).

Working Memory Loss

Mand!er (1979) has discussed the degrading effects of anxiety on work-
ing memory. Correspondingly, many of the difficulties in fo0llowing procc-
dures that Berkun (1964) observed when his Army subjects were placed
under the stress of perceived danger can also be attributed to reduced work-
ing memory capacity. Logic and Baddeley (1983) and Lewis and Baddeley
(1981) have noted similar working memory decrements of divers perform-
ing at depth. ldzikowski and Baddeley ( 1983a, 1993b) tubserved an anxiety-
related working memory loss of speakers waiting in the wings to give their
first public speech. Noise, as well as dangei and anxiety, has also produced
consistent etfects on working memory (Hockey, 1986). While it is intu-
itively evident that the presence of noise would disrupt the ability to re-
hearse verbal information in working memory (Poulton. 1976), it appears
also that the combined stress effects of noise and anxiety may disrupt spa-
tial working memory systems as well (Stokes et al, 1990; Stokes and Raby,



STRI•.S /03

1989). Indeed, in a simulatioi study of pilot decision making, Wickens et
al. (1988) observed that the effects of noise stress were greatest on decision
problems that relied on spatial visualization for their successful resolution.

Communications

Successful communications depend heavily on working memory, to re-
member what has just been said. Hence, it is not surprising that communi-
cations have sometimes broken down tinder conditions of stress. Analyses
of crew communications in accidents in which a prolonged inflight emer-
gency preceded ultimate disaster provide compelling evidence of the com-
munication breakdowns that occur under conditions of extreme threat. These
include fragmented communications, failures to process the information com-
municated, and inability to deal with multiple tasks or concerns (Predmore,
1991).

Long-Term Memory

While stress appears to disrupt working memory, it appears to have lcss
of an effect on the retrieval of information from long-term memory, to the
extent that information is well rehearsed and memorized. For example, in
their study of pilot judgment, Wickens et al, (1988) found that those judg-
ments requiring direct retrieval of facts from long-term memory were rela-
tively unimpaired by stress.

The differences In Berkun's findings between more and less skilled
soldiers is also consistent with this view, Stokes et uA. (1990) found that the
decision-making performance of novice pilots deteriorated under stress, whereas
performance of a group of highly trained pilots in the same circumstances
was not affected. Presumably the latter group was more able to rely on
direct retrieval ofl information from long-ternm memory in making their dcci-
silons,

Similar to tie narrowing effect that stress exerts on perception and
selective attention, however, stress appears to restrict tile information re-
trieved from long-term memory mlore specifically to those habits that are
well learned or ovcileurned (Eysenck, 1976), Although there do not appear
to be much experimnenial data supporting this claim, tit least one study
shows that increased stress actually eliminates sonic of the benefits of ex-
pertise and training in decision making (Ben Zur and Breznitz, 1981). Studies
by Fitts and Seeger (1953) and Fuchs (1962) and analyses of aircraft acci-
dents carried out by Allnutt (1987) have all suggested that stress will lead to
a regression to earlier learned and more compatible response patterns, when
these patterns may conflict with incompatible (but appropriate) oneq. Col-
lectively, these findings suggest the importance of extensive training in
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procedures and actions that may need to be taken in emergency. They
further emphasize that such procedures should require only actions of high
compatibility. The findings, however, emphasize the extent to which cre-
ative innovative problem solving may be degraded under stress since, by
definition, such problem solving will not have been accomplished in the
same way in the past and hence repetitive practice of the same steps cannot
be achieved.

Strategic Shifts

There is sonic evidence from behavioral studies that stress leads to
consistent shifts in processing strategy. In the study of the anxiety brought
on by the first parachute jump, for example, Simonov et al. (1977) observed
a shift in detection performance that can be characterized by a riskier crite-
rion setting. The paratroopers were simply more likely to respond "yes"
and hence made more hits and more false alarms. Hockey (1986) concludes
that there is a general effect of noise and/or anxiety stress on the speed-
accuracy tradeoff, shifting performance to a less accurate but not slower
level. In their study of pilot judgment, Wickens et al. (1988) found that
judgments were less accurate but not necessarily slower under the combined
stress effects of noise, time pressure, and threat of loss of income,

The tendency of those under the stress of an emergency to shift perfor-
mance from accurate to fast (but error prone) responding has been cited as a
concern in operator response to complex failures in nuclear power control
rooms. The operator often has a desire to do something rapidly, when in
fact this impatience is often counterproductive until the nature of the failure
is well understood. In the Three Mile Island incident the hasty action of the
control room operators was to shut down an automated device that had in
fact been properly doing its job.

Decision Making

Understanding the effects of stress on decision making has always been
of great interest to the human factors profession. The importance of this
knowledge has been enhanced by the analysis of the faulty decisions made
in the Three Mile Island incident Lnd, more recently, by concerns over the
decisions mad. in the U.S.S. Vincennes incident (U.S. Navy, 1988; see also
Chapter 8), Both of these incidents are particularly relevant to the focus of
this report because of the involvement of teams of operators in making
decisions following a fairly abrupt transition of system state, uinder a high
level of stress. The concern that decisions degrade under stress is rein-
forced by anecdotes and case studies of poor pilot judgments that have
occurred undt r stressful conditions of bad weather, spatial disorientation, or

_ _ _ _ _ _ _ _ _.
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aircraft failure (Jensen, 1982; Nagel, 1988; Simmel et al., 1987). However,
caution must be exercised in forming firm conclusions on the basis of post
hoc accident analysis for, without tight experimental control, it is often
difficult to know if a real-world decision that failed was in fact a poor one
in foresight as well as in hindsight. Furthermore, it is often difficult to tell
whether stress was itself a causal factor in the poor decision or whether the
conditions that produced the stress were also those that, for example, de-
graded the information available in such a way that the poorer decision
became more likely.

To predict the effects of stress on decision making, one approach is to
adopt a componential approach (Wickens and Flach, 1988), Since different
decisions may involve varying dependence on such components as working
memory, attention, and long-term memory retrieval, each decision may be
affected differently by stress as F function of the components on which it
depends and of the differential effects of stress on those components as
described in the previous pages (Wickens et al.. 1988),

An alternative approach is to examine the results of experiments that
impose stress on decision making, diagnosis, and problem-solving tasks.
While few such 3tudies exist, their results are consistent with the picture of
a stress-sensitive decikion-making proce,,ss. Such studies have not only shown
that decision, of various sorts degrade under stress but have also concluded
that this deyradation takes specific forms, Thus, for example, Cowen (1952)
found that subjects perseverated longer with inappropriate or rigid problem
solutions under the stress produced by threat of shock, a sort of action
tunneling that is consistent with the idra of attentional tunneling, Keinan et
al. (1987) found that the allocation of attention to a word problem became
increasingly nonoptimal and unsystematic as stress was imposed by the
threat of an electrical shock. The investigators also observed that this
stressur produced a premature closure: subjects terminated their decision
before all alternatives had been considered, Ben Zur and Breznitz (1981)
found that stress, while leading to some filtering of information, also led
subjects to give more weight to negative task dimensions and, as a conse-
quence, make less risky decisions.

Driskell and Salas (1991) observed that stress actually increased the
receptivity of members of a dyad to judgments provided by the other mem-
ber in reaching a problem solution. They imposed stress on U.S, Navy
personnel who believed they were one component of a cooperative deci-
sion-making dyad. In fact, unknown to the subjects, the other component of
the dyad was always the same source of computer-generated information for
all subjects. The investigators were interested in the extent to which per-
ceived stress influenced the rcceptvity to information received from a team
member when that member was perceived to be either above or below them
in the military chain of command. Not surprisingly, greater receptivity to
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information was shown when the member was perceived of higher rank.
But whether the rank was higher or lower, both groups were more willing to

accept the information under the conditions of perceived stress.
As we have discussed above, Wickens et al. (1988) observed that the

combined stress of noise, time pressure, risk, and task loading produced a
general degradation of pilot judgments on a computer-based flight simula-
lion. The stress effect, however, was selectively observed only on decision
problems that were difficult in terms of their spatial memory demand. As
noteu before, their data indicated that decisions did not degrade under stress
when long-term memory retrieval was the rrimaiy mechanism. These con-
clusions are related to those drawn by Klein (1989), who argues that expert
firefighters use direct long-term memory retrieval to make their decisions.
Given this characteristic, experts making decisions about familiar courses
of action should be less likely to suffer degrading effects of stress.

The conclusion drawn by Klein, however, is partially contradicted by a
study carried out by Koehler and McKinney (1991), who evaluated the
decision-making performance of Air Force pilots in 195 aircraft malfunc-
tion mishaps. Their analysis of decision quality revealed that experts (long-
time pilors) did not necessarily perform better than relatively new pilots
under the high-stress conditions of an inflight malfunction. Although this
conclusion must be tempered by the fact that experts were more often flying
a lead aircraft in formation, thereby adding to their attention demands, a
sevond finding is consistent with the picture presented here. That is, expert
perfornmance was particularly disrupted when the malfunctions were novel
and unique, more so than the performence of the novices. This is consisteni
with the view that experts had available well-learned solutions in long-term
memory for the routine problems that were not available for the uniqu!!
ones. The novices had fewei such solutions available foi cither prohlem
type, and the loss in their performance from ioutine to unique would there-
fore he less.

Attention and Arousal

As indicateo by the Yerkes-Dodson law depicted in Figure 4.2. a stres-
sor can sormetimes have a fucilitating effect oil performanLc il' that stressor
moves the operator closer to the optimal level of arousal. Theie are, indeed.
studies that have shown improved performance at higher stress levels. For
example, Kennedy and Coulter (1975) found that performance on a vigi-
lance monitoring task was improved by the threat of a shock. Hockey
(1970) found that noise stress improved performance on a tracking task
presented centrally although, consistent with perceptual tunneling effects.
the same stressor disrupted peripheral mot.itoring pe•tornmance. Lazarus
and Ericksen (1952) observed that the threat of failure improved perfor-
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mance on a cognitive test for those subjects of higher ability, althouph it
degraded performance for those of lower ability. This interaction is inter-
pretable in the framework of the Yerkes-Dodson law, if it is assumed that
the task was of greater complexity for the low-ability subjects, and they
were therefore presumably already operating above their optimal level of
arousal in the absence of the threat, while the higher-ability subjects. for
whom the task was less complex. were below their optimal level.

Conclusion

What emerges from this literature are a series of somewhat tentative
conclusions that must be offered without an extensive empirical data base.
In particular, most of the experimental studies have used fairly generic
laboratory tasks, therefore avoiding the examination of skilled operators,
experiencing stress in a domain in which they are experts. Hence the extent
to which stress may produce failures of processes in memory and attention
in such skilled operators cannot be asserted with confidence. Furthermore,
given the qualitative differences in expert versus noviL:e performance on
routine tasks, it may well be that the documented stress effects on attention
and working memory would not influence expert performnace to the extent
that those processes are not involved in the expert's performance of routine
tasks (Stokes et al., 1990). The negative effects of stress on experts per-
forming nonroutine tasks within their domain still awaits empirical valida-
tion, because it is clear that case studies provide contradictory information
(Koehler and MeKinney, 1991).

MEDIATING EFFECTS

The effects of a given stressor on performance may be mediat-dA Ib,. at
least two other factors. additional strussors that may be present and indi-
vidual differences in personality. With regard to the first of these mediating
influences, the effects of combinations of strcs,,ors is often complex (Broadhent.
1971). Thtus. it i. not possible to say that the effect of two stressors in
combination is the sum of their individual effects nor even necessarily that
it is greater than that sum (a positive interaction). Sometimes the effects of
one stressor may compensate for another's degrading effects. Fortunately.
however, these interactive effects may sometimes be understood in the con-
text of the inverted-U function (Broadbei-t, 1971). For example, although
both sleep loss and noise w~l typically degrade performance, their effect in
combination is generally less than either effect alone (Wilkinson, 1963).
This effect makes sense when it is realized that each is pulling arousal in a
different direction on the function depicted in F.igure 4.2, and the tret effect
is to maintain arousal nearer the peAk.
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Individual differences between operator personality types describe a
second mediating effect. These are complex, not well understood, and their
full treatment is beyond the scope of this chapter. Locus of control de-
scribes the extent to which individuals believe that they, rather than other
forces, have control over the things that influence their lives. These two
beliefs describe an internal versus external locus of control, respectively.
There is some evidence that those with an internal locus of control are less
stressed by anxiety-provoking situations, because of their belief that they
can exert some control over the situation. The distinction between intro-
verted and extroverted personality types has also been found to mediate the
effects of stressors. In general, extroverts are more affected by all stressors,
although more specific patterns of difference between the two personality
types, the time of day (am versus pm), and stimulants that increase or
decrease the level of arousal have also been reported (Hockey, 1986). A
description of these effects is beyond the scope of this chapter.

Closely related is the idea of cognitive appraisal (Coyne and Lazarus,
1980). Two individuals could be placed in identical situations of danger.
The one who correctly appraises the personal danger of the situation will be
more likely to realize stress effects on performance. Stress effects here will
also be mediated by differences in the c'xtent to which individuals believe
they can cope with the stress-inducing events.

COPING WITH STRESS

There are a variety of different techniques that may be adopted in the
effort to minimize the degrading effects of stress on human performance.
Rougnly these may be categorized into design solutions that address the
task and personal s,1lutions that address the operator (either through strate-
gies or training) or the characteristics of the whole team.

Design Solutions

Design solutions may focus on good human factors of displays. If
perceptual narrowing among information sources or unsystematic scanning
does take place, then reducing the amount of unnecessary information (vi-
sual clutter) and increasing its organization will surely buffer the degrading
effects of stress. For example. Zhang and Wickens (1990) found thai inte-
grating the separate displays of information into a single object display
reduced the degrading effect, of noise on performance in A multitask envi-
ronment. Schwartz and Howell (1985) observed that graphical rather than
numerical data display could reduce the derogating effects of time pressure
on a command-and-control task.

Whitaker and Klein (1990) have identified five principles for designing
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stress-resistant displays: metaphors (use of the familiar), streamlining (eliminating
nonessential elements), functional prototypes (display information directly
necessary for action), foregrounding or highlighting, and fusion or display
integration. Similarly, it is clear that any design efforts that minimize the
need for operators to maintain or transform information in working memory
should be effective. Emergency procedures, which must be referred to on-
line, must be clear and simply phrased as they will undoubtedly need to be
followed under the very circumstances that make working memory for their
contents extremely fragile,

It Is desirable also that procedural instructions of what to do are redun-
dantly coded with speech as well as print, should avoid arbitrary symbolic
coding (abbreviations or tones other than general alerting alarms), and should
be phrased in direct statements of what action to take, not as statements of
what not to do (avoid negatives) or statements that only describe the current
state of the system. This is the policy inherent in voice alerts for aircraft in
times of emergencies, in which commands are directed to the pilot of what
to do to avoid collision (e.g., 'pull up") (Chappel, 1989), Also, whenever
possible, the number of steps that need to be taken in following emergency
procedures should he minimized, Adhering to fundamental principles of
design compatibility in all of its forms (Wickens, 1992) is certainly one of
the hest techniques for minimizing the damaging effects of stress on perfor-
mance.

Strategles

There are strategies that can be adopted by the operator to minimize the
degrading effects of stress,;. Certainly one of the most effective of these is
planning, anticipating, and rehearsing actions to be tsken under stress--
either expected actinrs or those required U)y emergencie!:. While advance
planning requires working memory capacity at the time it is being done,
such planning can compensate for the fact that fewer resources will be
available under stressful conditions. Furthermore. research has shown that,
if individuals can predict, understand, and have knowledge of anld a sense
of control over the stressor, then they aie more likely to develop successful
coping strategies (Bourne, 1971).

Training

A number of investigators have reported that well-learmed responses
appear less subject to interference from extraneous environmental condi-
tions (Krueger, 1989, Kubala and Warnick, 1979- Webb and Levy. 1984;
Williams and Williams, 1966). Zajonc (1965) suggested that increased stress
leads to the increased probability of selecting the dominant response with a
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consequent decrease in the probability of selecting other responses. Thus,
under condi:ions in which the best learned (dominant) response is the most
appropriate, stress may lead to enhanced performance.

In addition to training for automaticity, there is also a family of training
approaches aimed at reducing stress reactions, Relaxation traitsing (Wolpe,
1958) and biofeedbuck techniques (DeWitt, 1980; Lawrence and Johnson,
1977) are both designed to reduce stress levels, Another important ap-
proach is cognitive training. Cognitive training or cognitive restructuring
refers to a wide variety of techniques that help individuals modify their
thoughts and perceptions of stress (DeWitt, 1980; Ellis, 1974, Lazarus, 1968).
For example, in one study DeWitt (1980) combined cognitive and biofeed-
back training for football and basketball players. Subjects improved sig-

*• nificantly in pre- and post-treatment performance ratings and reported greater
comfort and confidence.

In a review of relaxation training, biofeedback techniques, and cogni-
tive restructuring, Druckman and Swets (1988:123) concluded that "there is
no evidence to indicate that biofeedback training has any effect on stress or
on performance under conditions of stress." They found cognitive restruc-
turing and the simple provision of realistic information to be most useful in
reducing stress, These stress management procedures focus on the reduc-
tion of uncertainty and the increase in control that follows from this reduc-
tion. At the same time, others warn that stress reduction is not necessarily

* beneficial to performance. A soldier's stress may be seen as legitimate and
valuable, reducing it to very low levels may reduce combat performance.

Earlier in this chapter the beneficial effects of training were discussed-
in particular, extensive training of key emergency procedures so that these
will become the dominant and easily retrieved habits from long-term memory.
when stress imposes that bias. In fact, a case can possibly be made that
training for emergency procedures should be given greater priority than
training for routine operations. This emphasis should be particularly real-
ized whenever emergency procedures (or those to be followed in high-stress
situations) are in sonic way inconsistent with those ftollWwed in normal
operations. For example. under normal operations, Step A precedes Step B,
but under an emergency the two steps are to be reversed in sequence. Clearly,
as a design solution, systems should be designed so that procedures fol-
lowed under an emergency are as consistent as possible with those followed
under normal operations, and thie perceptual cues for any changes are prominent
und easily visible.

It is also true that successful experience in a stressful situation can
greatly reduce the anticipated anxiety of' repeated performance. For ex-
ample, Ursin et al. (1978) assessed physiological measures of stress prior to
the first and second parachute jump made by a group of paratroop trainees.
The investigators observed a large drop in those measures between the two
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jumps, signaling the relief, as it were, that successful performance was
possible. In this regard, it is not surprising that, in a wide variety of
contexts, research findings demonstrate the efficacy of prestress training,
geared at providing preparatory information in order to reduce the novelty
of the stressful situation. Novelty, as Rose (1987) and others have indi-
cated, is a primary component of the intensity of the stress response: the
greater the novelty, the greater the intensity of the stress experienced in
many settings, Thus, training should be a crucial component of any pro-
gram to enable tank crews to manage stressful environments.

Finally, there appears to be considerable merit in training that makes
crews aware of the potentially degrading effects of stress. Survey data
collected from civilian and military flight crews using the Cockpit Manage-
ment Attitudes Questionnaire (CMAQ) contain items aimed at determining
attitudes regarding personal awareness of the effects of external stressors on
human performance. In particular, a Recognition of Stressor Effects subscale
of the CMAQ measures perceptions of personal capabilities when faced
with stressful conditions and the ability to put aside stresses caused by
personal problems when faced with the need to perform at high efficiency,
One of the striking findings from the survey data is how little awareness
flight crews have of the deleterious effects of stress on individual and group
performance (Helmreich, 1984), The model pilot tends to endorse a posi-
tion reflecting an ability to leave behind personal problems and a perception
that personal performance is unaffected by life-threatening, emergency con-
ditions. Such attitudes represent the classic model of the "white scart"
aviator.

TEAM MODELS: IMPLICATIONS FOR STRESS MANAGEMENT

The bulk of the research on stress addresses individual-level responses
(physiological, psychological, and behavioral) often in laboratory settings
removed from the more complex contexts in which multiple stressOIrs USU-
ally occur. Prev:ntion and intervention programs are also often addressed
as individual-level strategies for reducing negative stress-related consequences
(e.g., therapy. exercise, training programs). Fewer studies esamine the group
and organizational level structures and processes that might be modified in
order to diminish the problems created for individuals enduring a high level
of stress in the workplace. A simple example is the case with air traffic
controllers. Studies typically focus on the effects of the stress of their jobs
on their own responses, physiological and psychological (as well as on their
families). As Matteson (1987) suggests, stress may often be relieved, not
by training particular individuals in how to cope with stress, but by altering
the conditions that create the negative stress responses. Human and organi-
zational resources can be used, for example, to hire more controllers to)
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handle peak times and high volumes of traffic. Kahn (1987) concludes a
recent review of stress research indicating optimism about the potential for
organizational-level interventions.

While research findings concerning the responses of individuals in vari-
ous occupations to stressful situations or encounters are important, perhaps
even more useful for the investigation of teams in transitions, such as tank
crew operations in stressful environments, are the studies of teams and
team-building strategies. Numerof (1987) and Salas and coworkers (Baker
and Salas, 1992; Driskell and Salas, 1992; Tannenbaum et al., 1992) pro-
vide models of team characteristics that may be relevant to teams in a
workload transition. Teams are defined by Numerof as groups that have a
high level of energy directed toward accomplishing a goal, usually In set-
tings in which the tasks to be performed require multiple inputs and cannot
be handled by any individual alone, which is generally true of tank crews
during periods of engagement. Effective teams are referred to as groups
that have a combination of high loyalty, morale, commitment, adaptability,
and exchange and coordinate information. These good team qualities, which
may provide a buffer against organizational stress, include: effective lead-
ership, appropriate selection of members, commitment and cohesion, open
climate, achievement motivation, effective work methods, clarity of proce-
dures, giving and acceptance of constructive criticism, individual initiative,
high creativity, positive intergroup relations, and role clarity,

These characteristics are briefly described below, based on Numerof's
(1987) review. Various studies support the significance of the individual
components of the model, but what remains to be specified Is the relative
impact of each component on team performance and the optimal mix. Ef-
fective leadership is viewed as one of the most important components, given
the wealth of research on this factor (see Chapter 10). What appears to be
critical is the ability of the leader to change leadership style based oil the
requirements of the situation and to integrate the needs and individual abili-
ties of the team members to meet the demands of the task situation. We will
expand on our discussion of this factor subsequently, given its significance
for team performance.

Appropriate selection of members refers to the extent to which the
individuals are well matched as a team to the task requirements. This
includes the match between each individual and the job requirements, or
what is referred to above as the job-person fit. This issue is discussed in
greater detail in Chapter 10 in the context of airline crews, on which there
has been a great deal of research involving the task and social skills r,-
quired to maximize crew performance in the cockpit-in particular, to opti-
mize crew performance and decision-making skills under the high stress
produced by emergency situations.

Commitment and group cohesion are referred to frequently in the litera-
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ture on group productivity and effective teams. The usual assumption is
that high levels of cohesion and commitment enhance group productivity,
While this is generally true (see review by Rldgeway, 1983), high cohesion
may also result in lower group productivity if the performance norms of the
group run crunter to those of the overall organization (e,g., the normative
pressures in some work groups that limit work output or the rate of produc-
tion). Furthermore, highly cohesive groups may also be subject to the
problem identified by Janis (1972) as groupthink, situations in which group
members who offer information or criticisms that deviate from the more
popular decision in the group are ignored, According to Ridgeway (1983),
this high level of cohesiveness may cause groups to make poorer decisions
than they otherwise might, And yet highly cohesive groups often have more
trust In each other and coordinate their behavior more. It has been found
(Kelley et al,, 1965) that outside stress makes it harder for members to trust
one another and coordinate their behavior together, which greatly Increases
the social difficulty of the group's task, ahthough some evidence provided
by Driskell and Salas (1991) suggests that this may not invariably be true,
Therefore, more cohesive groups whose members have good interpersonal
relationships should perform better under high stress conditions (Shils and
Janowltz, 1948),

Many of the remaining team components are self-evident- thus, only
those that are less so are discussed. An open climate is critical because it
represents a team that has open direct communication and trust, In such
groups members often feel at ease In taking what they consider appropriate
risks, which in turn enhances opportunities for innovation and creativity.

Achievement motivation refers to the extent to which team members
are motivated toward performance goals and aire willing to use feedback
miechunisms to improve performance over time, Individual initiative is also
an important component in effective teams since members tare encouraged
to emphasize their own unique contributions and to raise constructive ques-
tions concerning procetdures or suigestions and actions of other group membe.rs,
Risk-taking is also encouraged, as is creativity. These factors may be less
important during routine activity for tank crews, but they may be crucial
during the transition phase and periods of high stress,

The significance of cohesion, descrihed above, arises In the context of'
team-building activities since teams may become Isolated and more oriented
to the enhancement of group performance, at the expense of other teams or
units. For tank crew teams this Is essential because of the interunit commu-
nication and coordination required for successful maneuvers, Positive in-
tergroup relat msr and corporate role clarity are critical for this reason, The
former refers lo the nature of the working relations with other teams or
units, the latter to a clear picture of the way in which each team fits into a
larger whole. Training could enhance both of these factors through simula-

S. . . . . . . .. . . .. . . . . . . .. . . . . . . . .
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tion exercises and teum-huilding strategies that increase cohesion without
increasing intergroup competition. Often Intergroup competition is used to
enhance group cohesion, which would be counterproductive for the situa-
tion in which intergroup cooperation is required, as in the transition phase
and during subsequent maneuvers,

However, to the extent that team building is useful to improve perfor-
niance, raise levels of trust and commitment, and reduce stress that results
from external factors as well as internal factors such as poor integration,
lack of goal clarity, low levels of participation, and commitment, then strong
leadership is required to counteract the stre,,s created by a more open cli-
mate involving more feedback and open management of conflict, Thus, we
return to the Importance of leadership.

Good team qualities provide a buffer against stress, organizational as
well as environmental. Trust, participation in decision making relevant to
the work being performed, excellent communications, and a commitment to
collaboration have all been identified as conducive to effective team-build.,
Ing processes (Numerof, 1987; Tannenbaum et al., 1992). Organizational
resistance to effective team building comes from two sources, perceived
threat and resistance, to change. While some of these characteristics are not
particulmrly relevant to the tank crew unviruin¢ent, other features arc of
central importance given that tank crews fit the above definition of a team
(i.e., a group that requires coordination and cooperation to produce an out-
come that no Individual alone can produce),

Various organizational effects resulting from the failure to Implement
good teamn-building strategies for both group and organizational-level out-
comes have also been Identified (Numerof, 1997), For example, suboptlimzation
occurs whet| organizational ob, cclives are not clearly communicated. Indi-
viduals may perform their own hiinct ions appropriately, but coordinlition is
lacking. Organizational obJectives 1ma1y not le clearly defi ned or may change
often and thus result in greater stress arnd uncerwtinty. Ii, there is low
comlnmiltmlnt it) the group and/or the organization and low cohesion, stress
in the group will be high and temn perlformance will he impaired, In trgi'-
nizations in which work is characterized by high levels of interdependence,
frequent problem-solving efforts, and high demands for atCcuracy and/or
timeliness, teanm building is very important (Nunmerol', 1987). For tank
crews a11d, sim ilial lly.a crtews, this model has implications for selection,
recruitment, training. and the organization oh roles nod work aNsigainlents.
In addition to environmental buffers (e.g., allerations in the actual tank
environment), team-building efforts can be employed to ininl izc comolu-
nication problems and the stress-related inrefficiencies in decision-making
and problenm-solving tasks, tIescribed in later chapters.
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SUMMARY

It is clear that considerably less is known about stress effects, Prd the
appropriate techniques for their remediation. than about many other aspects
of performance. This shortcoming results in part because of the great diffi-
culty in conducting research in the area-i.e.. imposing realistic, credible
stressors in a controlled setting in a way that is a!so consistent with the
ethics of research. Still, enough data are available from incident reports,
from the research described above, and from the extensive reviews provided
by Broadbent (1971) and Hockey (1986) to construct a reasonably coherent
picture of those effects and suggest some possible remediations, as we have
dune.
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Sleep Disruption and Fatigue

Performance following abrupt workload transitions during duty cycles
of extended duration is markedly affected by three factors related to the
daily cycle of sleep and wakefulness. When called on to work and sleep at
irregular intervals for prolonged periods of timre. these three factors can
interact intevl for p o periods mof ime, ts thrformance.
The first factor is circadian rhythmicity, wihich produces a near-24-hour
internally driven cycle in alertness and perfo•rmance. The second is sleep

deprivation, the tv'e,ts el' which are evident after only a few hour:; of lost
sleep. The third is leep inertia, which results in impaired pert'ornoance
immediately on tLwakening from sleep. These three factors comhine to
make it exceedingly difficult tW work effecticly o. safely for prolongeI
periods of time without a carefully planned strategy of countermeasures
designcd to address each factor, The purpose of this chapter is to review
current understanding of each of the'!e fators and their potential relkvance
to performatice during workload transitions.

CIRCADIAN EFFECTS ON PROLONGEI) PERFORMANCE

It has long been recognized that psychomotor and. cognitive perfor-
mance on a variety of tasks in round-the-clock operations is at its worst
dring nighttime hours, generally reaching a nadir just before dawn (B3jerner
et al.. 1955). In fact, the intrinsic nature of such daily rhythms was first
demonstrated 260 years ago. when a French astronomer proved that the
daiiy rhythm in leaf movement persisted even if' a plant were kept in total
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darkness throughout night and day (deMairan, 1729). Mort. than a century
and a half ago, Duhamel discovered that these self-sustained oscillations
persisted with a period that was close to (i.e., circa) but generally not ex-
actly one day (hence our word circadian) when an organism was isolated
from the periodic environmental light-dark cycle (DeCandolle, 1832). However,
the manner by which the light-dark cycle synchronized an endogenous cir-
cadian rhythm with a non-24-hour period to the 24-hour day was not dis-
covered until 30 years ago (DeCoursey, 1960; Hastings and Sweeney, 1958).
At that time, it was found that brief exposures to light could induce phase
shifts in endogenous circadian rhythms, and that the amount and direction
of such shifts was dependent on the timing of the initial light exposure. The
universality of this property of the circadian timing system was extended to
humans only within the past three years (Czeisler et al.. 1989).

Furthermore, the neurophysiologic basis for the generation of circadian
rhythms in mammals was first uncovered less than 20 years ago. Ablation
studies performed independently in two different laboratories indicated that
bilateral destruction of a pair of hypothalamic neuronal clusters located on
either side of the anterior tip of the third ventricle resulted in a loss of both
endocrine and behavioral circadian rhythms (Moore and Eichler, 1972; Stephan
and Zucker, 1972). It wis further demonstrated that these central nervous
system structures, the suprachiasmatic nuclei (SCN) of the hypothalamus,
received a direct, monosynaptic input from the retina via the retinohypothalamic
tract (RHT) (Moore and Lenn, 1972). These initial studies, which sug-
gested that the SCN might serve as a light-sensitive pacemaker of the mam-
malian circadian timing system, have subsequently been supported by a
variety of experimental manipulations. Multiunit recordings demonstrated
a prominent circadian rhythm it, the firing rate of SCN neurons, along with
those in a number of other brain structures (Inouye and Kawamura, 1982).
Howevet, when the SCN were isolated from the rest of the brain via knife
cuts, a circadian rhythm in firin2i rate was found only within the SCN
(lnouye and Kawamura, 1979). It would thus appear that a periodic signal
emanating from the SCN drives a prominent circadian variation in central
nervous system activation, as reflected by neuronal firing rate. Yet, surpris-
ingly, neurophysiologic studies involving microinjection of twtrodotoxin have
demonstrated that the firing of SCN neurons is not required for maintenance
of the SCN's timekeeping function (Schwartz et al., 1987).

Two different experimental paradigms have unambiguously established
the link between this paired central nervous system structure and behavior,
First, direct electrical stimulation of the mammalian SCN induces phase
shifts in the behavioral rest-activity cycle comparable to those induced by
brief exposures to light (Rusak and Groos, 1982), Second. transplantation
of fetal SCN tissue rapidly restores rhythmicity of the behaviornl rest-activ-
ity cycle in SCN-lesioned animals (Drucker-Colin et al., 1084; Lehman et

1A
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at., 1987; Sawaki et al., 1984), In fact, SCN transplantation from a mutant
animal with an abnormally short intrinsic circadian period into a wild type
animal whose own SCN had previously been destroyed results in an animal
with a behavioral rest-activity cycle period comparable to that of the mutant
(Ralph et al., 1990). It has thus been demonstrated that the genotype of the
SCN determines the expression of this behavioral phenotype,

The links between the SCN 't'l human behavior are, of course, less
definitively established. Howevei, both the SCN and the RHT have been
identified in the human brain (Hofman et al,, 1988; Lydic et al., 1980;
Sadun et al., 1984). More than 60 years ago it was recognized that damage
to the anterior tip of the hypothalamus resulted in abnormalities of the
circadian sleep-wake cycle, leading to the suggestion that the neural center
responsible for the timing of sleep might be locatrd in that region (Fulton
and Bailey, 1929). Yet the first demonstration that human circadian rhythms
persist in the absence of environmental time cues occurred only 30 years
ago (Aschoff and Wever, 1962; Siffre, 1964). At that time, it was discov-
ered that the intrinsic period of the human circadian pacemaker was typi-
cally longer than 24 hours, implying that our internal clock required reset-
ting to an earlier hour each day. Those studies further demonstrated that a
number of behavioral rhythms. including the rest-activity cycle and circa-
dian variations in cognitive and psychomotor performance, persisted in the
absence of environmental time cues (Aschoff et al., 1971, 1972, Wever,
1979).

However, subjects in isolation from environmental time cues do not
always choose to sleep and wake in synchrony with circadian variations in
physiological variables, such as body temper.ture and cortisol sccretton
(Aschoff, 1965). Whenever human subjects have heen studied in environ-
ments free of environmental time cues for more than two months, the timing
of the self-selected test-activity cycle loses synchrony with the stable, near-
24-hour oscillations that can be detected in physiological variables such as
the body temperature cycle (Czeisler, 1978; Czeisler and Jewett, 1990). Yet
even under such conditions of internal desynchrony, prominent circadian
variations in a~ertness, cognitive performance, short-term memory, sleep
tendency, spontaneous sleep duration, awakening and rapid eye movement
(REM) sleep propensity all remain closely coupled to the body temperature
cycle (Czeisler, 1978; Czeisler et al., 1980a, 1980b; Johnson et al.. 1992;
Zulley et al., 1981). Thus, no matter what sleep-wake schedule subjects
choose to adopt in temporal isolation, they are, on average, most alert and
perform best during their biologic day, as marked by thet crest of the body
temperature cycle; as might be expected, they are least likely to choose to
sleep during those hours. Correspondinigly, subjects are least alert, perform
most poorly, and most often choose to be asleep during their biologic night,
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as marked by the temperature nadir. Moreover, these daily variations per-
sist even when subjects are unaware of the time of day and are choosing to
sleep and wake out of synchrony with these physiologic and behavioral
rhythms.

It is thus not surprising that field studies of human performance among
shift workers demonstrate strikingly similar results. During the latter half
of the night, responses to calls for service take the longest; performance on
an F-104 flight simulator is worst; shooting range performance among mili-
tary personnel is least efficient; mental arithmetic is slowest; alertness is
lowest; short-term memory is markedly impaired; and the rate of single-
vehicle truck accidents due to sleepiness is by far the greatest (Czeisler et
al., 1986; Folkard et al., 1978; Froberg et al., 1975; Harris, 1977; Klein et
al., 1977). These circadian rhythms in performance variables parallel the
wide variety of circadian rhythms in physiologic variables-including daily
variations in thermoregulation; hormone release-, kidney, cardiac and respi-
ratory function-which are controlled by the human circadian pacemaker
(Babkoff et al., 1988; Czeisler, 1978, 1983; Froberg et al., 1975; Klein et
al., 1977; Mills, 1974; Moore and Eichler, 1983; Wever, 1977).

Just as in all other eukaryotes, synchronization of the oscillations to the
24-hour day in humans is accomplished by means of exposure to the envi-
ronmental light-dark cycle (Czeisler et al., 1989). Thus, during the latter
half of the aight, humans are at their mental and physiological trough;
maintaining high levels of alertness and performance at this time is exceed-
ingly difficult. In fact, more than half of night shift workers report that
they nod off or fall asleep at least once per week when working the night
shift. Ironically, night shift workers who must stay awake during these
unproductive hours then experience difficulty sleeping during their biologi-
cal day. Sleep during daylight hours is disturbed, being shorter in duration
and more frequently interrupted (Foret and Lantir 1972). These results
from field studies are consistent with experimental data from subjects scheduled
to attempt sleep at all times of day and night; sleep efficiency is at its
lowest near the crest of the temperature cycle (Carskadon and Dement,
1975; Czeisler, 1978; Weitzman et al.. 1974). Thus, night shift workers
typically suffer from misalignment of circadian phase. That is, they arc
attempting to stay awake and perform complex tasks at a time of day that
the human circadian clock has scheduled the central nervous system to be
asleep and then attempting to sleep at the scheduled time of peak arousal.
In and of itself, this misalignment of circadian phase results in deteriora-
tion of alertness and performance. In addition, because of the effect of
circadian phase misalignment on sleep. night shift work inevitably results
in acute and chronic sleep deprivation, which can independently impair
performance.
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SLEEP DEPRIVATION

Laboratory Studies

The first demonstration of the deleterious effects of total extended sleep
deprivation on humiin performance was reported nearly a century ago. At
that time, 88-90-hour sleep deprivation experiments were carried out at the
Iowa Psychological Laboratory by Patrick and Gilbert. They reported that
grip strength, reaction time, memory, acuteness of vision, and calculation
performance were adversely affected in some, but not all, subjects, Since
that time, there have been a variety of studies investigating the deleterious
effects of partial and prolonged sleep deprivation on the ability to perform
sensory, physical, and cognitive tasks. As will be discussed in more detail
in the following chapter, vigilance on both visual and auditory performance
tasks has been found to be impaired after sleep deprivation (Hamilton et al,,
1972; Horne et al,, 1983; Sanders and Reitsma, 1982: Taub and Berger,
1973; Webb and Levy, 1984; Wilkinson et al,, 1966). Recall of verbal
information is substantially reduced after even one night of sleep loss (Webb
and Lcvy, 1984). During the second night of sleep loss, subjects were able
to complete only half their baseline average of problems solved on the
Wilkinson Addition Test (Carskadon and Dement, 1979). Loss of as little as
5 hours of nocturnal sleep results in a doubling of the number of errors in
reading an electrocardiographic strip by resident physicians (Friedman et
al,, 1971), This decrease in performance appears to be due to impairments
in perceptual encoding and storage, lapses of attention, and a decline in the
ability to discriminate signals, rather than from a decline in willingness to
respond (Home et al., 1983; Morris et al,, 1960; Sanders and Reitsma,
1982; Torsvall and Akerstedt, 1987: Williams et al,, 1959). Sleep tendency
increases markedly with both partial and total sleep deprivation (Carskadon
and Dement, 1979, 1981), such that ultimately sleep and/or attention lapses
intrude involuntarily onto the waking brain (Williams et al,, 1959). Motor
initiation and execution in response to visual stimuli are also impaired fol-
lowing sleep deprivation, ,esulhtng in a failure to perceive information present
in the functional visual field (Sanders and Reitsma, 1982). Although addi-
tional incentives (e.g., monetary rewards) can raise signal detection to nor-
mal baseline levels for one night and the following day of sleep deprivation.
by the second night detection rate falls regardless of the incentive offered
(Horne, 19881, This may he why very long hours of' work fail to increaue
total production in industrial settings (Chambers, 196 I).

In addition to redu,.ed ability to respond to sensory stimuli, both pri-
mary mental performance and high-order cognitive functioning also show
significant deficits following sleep deprivation (Hawkins et al.. 1985), In
tests of mental arithmetic after sleep deprivation, speed of calculation is
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slower, calculation errors increase, and fewer calculations are attempted
(Hamilton et al,, 1972; Taub and Berger, 1973; Webb and Levy. 1984; Wilkinson
et al., 1966). Furthermore, in memory tests subsequent recall of material
learned under sleep deprivation is significantly less efficient than that of
material learned under normal conditions 'Folkard et al.. 1977; Wilkinson,
1972), Moderate sleep loss seents to. cause deficits in memory trace forma-
tion that are independent of the phlsiological lapses, or microsleeps, that
will of course disrupt the initial pet-ception of the material (Williams et al.,
1966), and that occur with increasing frequency with each hour of addi-
tional sleep deprivation. Fiiiaily, sleep deprivation impairs information pro-
cessing, resulting in increased time requirements for making decisions (Asken
and Raham, 1983).

Several studies have employed protocols of extended wakefulness to
investigate the interaction of the effects of sleep deprivation and circadian
rhythmicity on reaction time, cognitive function, and shooting range perfor-
mance (Babkoff et al., 1988; Carskadon and Dement, 1979; Dinges et al.,
1987; Froberg et al., 1975). These studies have found that performance in
all variables declines during the first night of sleep deprivation, reaching a
nadir juat before dawn. During the second day of sleep deprivation, perfor-
mance remains near this low level and may even improve somewhat, al-
though it remains below normal baseline levels. However, during the sec-
ond night of sleep deprivation, performance drops sharply, reaching levels
much lower than those observed previously. Both sleep deprivation and
adverse circadian phase contribute to substantial impairment of perceptual,
motor, and cognitive functioning under such conditions.

Operational Settings

Many studies have documented the deleterious effects of both sleep
loss and misulignment of circadian phase on performance and safety. Dur-
ing the latter half of the night, there is an increased rate of errors in reading
meters (Bjerner et al., 1955), longer delays in responding to calls by switch-
board operators (Browne, 1949), and an increased rate of operational errors
associated with falling asleep at the wheel by locomotive engineers (Kazutaka
and Ohta, 1975). These findings may help to explain the manyfold increase
in the rate of single-vehicle truck accidents due to sleepiness that occur in
the early morning hours between 4 and 6 am (Harris, 1477), Yet in many
operational settings, crews are willing to attempt to maintain sustained per-
formance for even longer periods. These include hospital interns and resi-
dents, whose performance is greatly impaired by such extended work hours
(Asken and Raham, 1983; Friedman et al., 1971; Hawkins et al., 1985;
Poulton et al,, 1978), along with pilots, paramedics, and firefighters. They
generally become impaired during the first night of sleep loss and are very
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ineffective after 40 to 72 hours without sleep. This is particularly true for
people with command responsibilities (Belenky et al., 1987). For example,
Haslam (1985) found steady deterioration in the performance of soldiers
who were allowed no sleep, 1.5 hours, or 3 hours of sleep each night for 9
consecutive days during a field exercise. Although physical fitness was not
affected, vigilance and performance on detailed cognitive tasks deteriorated
to 50 percent of premission levels, Although the group that did not sleep at
all was unable to function after 3 days, the groups allowed 1.5 hours of
sleep per night lasted fcr 6 days, and the group allowed 3 hours of sleep per
night completed the 9-day study. Studies of military paratroopers' shooting
performance over a 72-hour period showed a marked circadian variation in
performance with a superimposed deterioration as sleep loss accumulated,
consistent with the results of Babkoff et al. (1988) and Froberg et al. (1975).
Ainsworth and Bishop (1971) found that specific tank crew duties (e,g,,
those that required consistent, sustained alertness or perceptual-motor ac-
tivities) were most sensitive to sleep loss In a 48-hour field test. Banderet
et al, (1981) found performance decrements within the first 24-48 hours in a
simulation of sustained operations in an artillery fire direction center. Sig-
nificantly, they found that performance on self-Initiated activities, such as
planning and maintaining situational awareness, degraded most quickly.

Even when operators are adequately rested, some types of missions are
more fatiguing than others (e.g,, day attack missions are more fatiguing for
Army aviators than day medical evacuation (medevac) missions, while night
,wc.,t-reconnalssAunce arc the most fatiguing (Duncan et al., 1980). In addi-
ti-n, different factors contribute to the fatigue created by different missions,
Li,,osure to hostile action was universally rated as the most Important con-
trik',utor. Additional factors were related to: (1) the mission (e.g., command
pre.sure to complete the mission, duration of flying duty day, number of
takeoffs and landings), (2) vehicle dcsign (e.g,, vibration, seating discom-
fort): (3) schuduling (e.g., long or frequent standby periods, disrupted sleep
schedules): (4) specific duties (eg., tasks that are monotonous, impose high
mental workload, or require monitoring heavy radio truffic); or (5) the envi-
ronment (night versus day flights, weather problems). The Army has recog-
nized these differences by specifying different recommended light-time
limitations depending on the type of mission flows (US. Department of the
Army, 1985). In computing flight time, one hour ofl daytime natp-of-the-
earth flight was consid(red to be equal to 1.6 hours of daytime standard
flight, and one hour of nighttime flight performed with night vision goggles
was equivalent to 2.3 hours. These multipliers are used to determine the
maximum recommended flight time and duty period in a 24-hour period (8
and IS hours of day standard flight, respectively).

The critical role of slcep deprivation in train crewx was discussed in
Chapter 2. Although data regarding Impairment in performance Irom fdeep



SLEEP DISRUPTION AND FAVIGUE 129

deprivation in other team environments are less available, it is easy to
generalize from the above results and envision that the sleep-deprived schedule
that is characteristic of many medical personnel (particularly residents and
interns [Doelp, 1989)) may leave them especially vulnerable to medical
errors (Gopher et al., 1989).

SLEEP INERTIA

Sleep inertia occurs immediately on awakening and results in less ef
fective functioning than before sleep onset. This postsleep decrement in
performance is seen in a variety of tasks, including simple and complex
reaction time, grip strength, steadiness and coordination, visual-perceptual
tasks, memory, time estimates, complex behavior simulation tasks, and cog-
nitive tasks (Asken and Rahafi, 1983; Dinges et al., 1985, Downey and
Bonnet, 1987; Feltin and Broughton. 1968; Seminara and Shavelson, 1969;
Wilkinson and Stretton, 1971), Sleep inertia is characterized by confusion
and disorientation and usually results in high response latencies (Downey
and Bonnet, 1987), The effects of sleep inertia may take many minutes to
dissipate and tend to be more intense after sleep deprivation and when
wakenings occur at an adverse circadian phase (Dinges et al., 1985; Downey
and Bonnet, 1987).

IMPACT ON PERFORMANCE IN
EXTENDED-DUTY OPERATIONS

Army tank crews may be required to bc in a state of readiness for up to
72 continuous hours prior to the onset of battle. Then, following an ex-
tended period of inactivity, they may be required to abruptly begin a combat
engagement. In such circumstances, the effects of circadian rhythmicity,
sleep deprivation, and sleep inertia may conspire to markedly weaken the
performance of the tank crew at this very critical time, threatening both
thek effectiveness and their safety. Performance reaches its daily nadir in
the last hours of the night, just prior to dawn, Since physiologic sleep
tendency is low during the evening, crew members may not tittempt to sleep
until they have already suffered from conriderable sleep loss. The imposi-
tion of strict work-rest schedules by the military will ensure that crew mem-
bers' circadian pacemakers are mutually synchronized, resulting ii all of
them reaching their performance nadir simultaneously, Then, in the hltter
half of the night during extended periods of inactivity, crew members may
find sleep irresistible. Struggling to stay awake, crew members may find
themselves nodding off in much the stame way as a very sleepy driver
attempting to keep all four wheels on the road, Each time they do nod off,
they will be further reducing their ability to respund tot an immediate -all to
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servic•, due to the lasLing effects of sleep inertia. Added together, these
factors can converge to create a critical zone of vulnerability from 3:00 am
to 6:00 am, at just the times when night vision equipment would otherwise ¶
allow U.S. forces to enjoy a technical advantage over forces less well equipped.

POTENTIAL COUNTERMEASURES

There is no known technique available to sustain human performance at
an acceptable level for 72 continuous hours. The effects of pharmaceutical
agents meant to facilitate sleep often linger on after scheduled wake time,
impairing performance, memory, or both. Similarly, pharmaceutical agents
taken to promote wakefulness (e,g,, caffeine, amphetamine) often interfere
with the ability to catch some sleep when time permits and "also directly
impair psychomotor performance (Lipschutz et al,, 1988),

As noted by Weiner (1985) and 'ollard et al, (1990), amphetamines can
aid Individuals who are fatigued, but, after heavy use, sleep patterns may
not return to nureil for almost two months. According to Pollard et al,,
some laboratory studies have demonstrated a potential short-term effect;
however, in the real world, use of amphetamines Is likely to have serious
negative effects. "As the effects of fatigue and lack of sleep increase, the
operator may increase thr Josage resulting in the build-up and finally pre.-
dominance of the negative side effects of the drug, These include blurred
vision, dizziness, loss of coordination, paranoia, and irregular heattbeat fol-
lowed ultimately by physical collapse" (Pollard et al., 1990:A-2), Refer to
Pollard et al, (1990) for a brief review of the effects of other central ner-
vous system stimulants, central nervous system depressants, opiates, antide-
pressants, and hallucinogens on performance,

If such extended-duty performance is demanded, there will inevitably
be a critical zone of vulnerability each day during which microsleep epi-
sodes involuntarily intrude on the waking brain, leading to dangCrN;us lapseS
of attentimi JTorsvall and Akerstedl, 1987), In addit oat, it perlormance is
abruptly required after a period of low workload, during which crew 11teni-
hers are likely to have fallen asleep, then, because of sleep inertia, they may
subsequently he disoriented, confused, and unable to ,onmisolidate memories
or perfoim efficiently for at least 30 minutes after awakening. Such prob-
lems may be exacerbated by the ftct that the individual crew nitembers often
havu little subjective awarene,;.s of the extent of their impairment under
such circumstances.

However, careful planning can result in the development of counter-
measures that can reduce the iavpact of sleep disruption on the performance
of tank crew members. Countermeasures that have been attempted in the
face of such circumstances include caffehr•e (Lipschutz ct al,, 1988) and
other stimulants, increased physical activity, naps, monetary incentives, diet,
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and intensive social contact, The duration of commerciul airline flights hits
led the National Aeronautics and Space Administration to recommend scheduled
cockpit naps as a potential countermensure, Rosekind et alh (1991) exam-
tied the effects of naps on long-duration transoceunic flights with three- 4
person crews and found (I) most of the pilots were able to sleep during
flight and had an average nap time of 26 minutes; (2) compared with a
control group that was not given the opportunity to nap, the pilots who
napped responded more rapidly to vigilance signals In the cockplt, and (3)
the pilots who napped were not disrupted in their ability to sleep after the
flight terminated by having gotten the extra nap sleep during flight. This
measure hao been found to he so effective that the Federal Aviation Admin-
Istrution hast recently modified regulations to allow scheduled napping in
the cockpit,

While these techniques can mitigate the deterloratihn of performance
on the first night, none i1 effective In overcoming the impairments of per-
formance that occur on the second or third nights of continuous operation,
Recent research demonstratew that properly timed exposure to bright light
and darkness can induce complete physiologic adaptation to night work and
day sleep within 2-3 days (Czeisler et al., 1990)- however, even this new
technology canl only reschedule, but not eliminate, the daily trough in cog.
nitive and psychomotor perlormance, Nonetheless, the use of properly timed
exposure to bright light (both natural and artificial) and strict scheduling of
exposure to darkness could enable commanders to disperse periods of vul[
ictrubility either within individual tank crews or across tank divisions, In
that way, there would be no one time at which an entire division would be
most vulnerable to the effects of sleep loss and fatigue,

Dingem and colleagues have demonstrated that the strategic placement
of a Single 2- hour nap can s11iglificauntly reduce (but not elimittte) the perl-
odic decrements of alertness and pertorman.c that occur during .54 houlrS 01'
sleep deprivation (Dinges et Al,, 14877), it order to reduce the consequences
of all crew 1mcrhers sul'eitig I'romn the effects of' sleep Inorth i, siJmulta-
neously, Such preemptive naps should he scheduled in at stuggered miatnner,
V1,it herniore, na1ps Illust he it mlinimllum of 10 niillmtes in durationl ill order to
begin to restore the decrements due to sleep loss (Nuitoh, 1980).

Inl terms of nlnimum sleep requirements, as noted above, Hashlm (1985)
Found that soldicls allowed Lis little us 3 houts ot' ,lep per night were able
to continue functioning talthough not at optimal levels) during a 9-day field
study, whereas soldiers who did not sleep at all were judged to be nmilitarily
ineffective after three days, Krueger of al. ( 19M5) found that Army aviators
were able to maintuin adequate flight control and navigation, hut they begun
to make occasional Judgment errors during 14 hours of precision Instrument
flight in a simulutor on each of 5 successive days with only 4 hours of sleep
each night.
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Leadership also plays a critical role in moderating the potential effects
of sleep disruption. For example, Haslam (1985) found that the leadership
of an experienced noncommissioned officer allowed his platoon to sustain
their performance for a longer time than could other, equally sleep-deprived
platoons. It is the responsibility of the team leader to establish a work-rest
schedule that ensures that each team member gets adequate rest, if the
situation allows, DeSwart (1989) describes sleep management as a critical
element of stress management techniques adopted by the Royal Netherlands
Army, In addition, the team leader must get adequate rest to be able to
perform his own duties. During a mission, the team leader must monitor
the status of each team member, relieving or reducing the responsibili of
team members who are too tired to perform their duties,

Finally, it has been reported that individuals who sleep 9-10 hour4 per
night for a week prior to sleep deprivation score consistently higher on
performance tasks than those who have only slept 7-8 hours per night (Taub
and Berger, 1973, 1976), Therefore, strict enforcement of a 10-hour sleep
regimen In total darkness during the weeks of rising tensions that often
precede the deployment of armored personnel carriers could result in sub-
stantial improvements In crew performance, Certainly, cumulative sleep dep-
rivation should be avoided at all costs during such periods, since many
studios have documented the impairments of performance associated with
the habitual restriction of nocturnal sleep (Hamilton et at., 1972). While
none of these countermeasures can eliminate the effects of this powerful
homeostatic regulatory mechanism on human performance, they can dissi-
pate the Impact of sleep loss and misalignment of circudian phase and mini-
mize their deleterious consequences during the critical transition period
from inw,,tlvity to combat.
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Vigilance and Target Detection

As noted in Chapter I, a large portion of the responsibility of armored
vehicle teams, and indeed the teams of many analogous systems, prior to
transition is simply to monitor the environment for events that might signal
the need for the team to mobilize into action. This task of monitoring for
infrequent signals is one for which humans are not well suited, particularly
after periods of sleep disruption. In this chapter we examine in detail the
research on human performance in monitoring, vigilance, and target detec-
tion.

HISTORICAL BACKGROUND

World War II

Vigilance or sustained attention refers to the ability of observers to
maintain their focus of attention and to remain alert to stimuli for prolonged
periods of time (Davies and Parasuraman, 1982: Warm, 1984a). Systematic
study of sustained attention began during World War II. It was stimulated
by surprising fallibility in the performance of British airborne radar observ-
ers while on patrol for enemy submarines. These individuals were often
required to maintain continuous observation of their radar scopes during
long flights over the Bay of Biscay watching for telltale "blips" that sig-
naled the presence of German U-boats in the sea below. Despite their
extensive training and obvious motivation to perform well, the observers
failed with increasing frequency to notice the critical signals displayed by
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their equipment as time on watch progressed. As a result, the submarines
passed undetected and were free to prey on Allied shipping.

In response to a request from the Royal Air Force to study the problem,
Mackworth (1948, 1961) initiated a series of ingenious experiments that
formed the first systematic -ffort to bring the study of vigilance into the
laboratory. Using a simulated radar display known as the "Clock Test,"
Mackworth was able to chart the course of performance ov, ",ie and to
confirm the suspicions gei-'ted in the field that the quality of sustained
attention is fragile: it wines over time. He found that his subjects became
progressively more inefficient at detecting signals as the watch continued,
and that this inefficiency did not take long to develop. In general, the
accuracy of signal detections declined about 10 percent after only 30 min-
utes of watch, a, i then showed a more gradual decline during tha remainder
of the 2-hour !ssion.

The proin•,.ssive decline in performance over time noted in Mackworth's
pioneering experiments has been confirmed in a large number of subsequent
investigations. It has been labeled the "decmionent function" or the "vigi-
lance decrement" and is the most ubiquitous finding in vigilance studies.
Many investigations using a broad assortment of vigilance tasks indicate
that the decline In performance is complete from 20 to 35 minutes after the
initiation of the vigil and at least half of the final loss is completed within
the first 15 minutes (Teichner, 1974). Under ospecially demanding circum-
stances, the decrement can even appear within the very first few minutes of
watch (Jerison, 1963; Nuechterlein et al., 1983). As Dember and Warm
(1979) have noted, the most striking aspect of this finding is that it seems to
result merely from the necessity of looking or listening for a relatively
infrequent signal over a continuous period of time.

Implications of Automation for Vigilance

The study of vigilance has generated considerable interest among hu-
man factors and ergonomics specialists, who are concerned not only with
the decrement function, but also with the factors that affect the overall level
of performance. Comprehensive reviews of the extensive experimental lit-
erature on vigilant behavior can be found in Craig (1985a, 1985b, 1991),
Davies (1985), Davies and Parasuraman (1982), Dember and Warm (1979),
Parasuraman (1986), Warm (1977, 1984b), Warm and Berch (1985) and
Warm and Parasuraman (1987).

The importance of vigilance research for human factors, concerns is
based In part on the fact that the surveillance problems uncountered during
World War 1I are still with us in one form or another. The generation of
automatic control and computing systems for the acquisition, storage, and
processing of information has altered the role of the human operator from
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that of active controller to a more executive function, a development that
Sheridan (1970) has characterized as a shift from active to supervisory
control. Vigilance is a crucial aspect of the reliability of human performance
in a wide variety ot activities including industrial quality control, robotic
manufacturing, air traffic control, nuclear power plant operations, long dis-
tance driving, and the monitoring of life signs in medical settings (Warm,
1984a), As Parasuraman (1986) has noted, target detection in today's highly
automated systems may be executed by Instruments and controls, but the same
problems of vigilance occur when the systems malfunction or unusual events
appear. In some cases, the vigilance functions demanded of the operator
can be overwhelming (Parasuraman, 1987; Wiener, 1984, 1985, 1987),

Implications for Armor Personnel

Modern tank warfare is still another situation in which vigilant behav-
ior is critical. Indeed, the maintenance of a proper level of alertness is the
price of survival in combat. As described in Armor Field Manual 17-12-1,
Tank Combat Table (U.S, Department of the Army, undated), future battle-
fields are expected to require tank crews to move and engage rapidly under
conditions in which our forces arc Intermingled with those of the enemy,
Survival will depend on the crew's ability to detect and locate opposing
forces rapidly in order to maintain the advantage of a first strike, Target
acquisition, however, can be a difficult task for all crew members, espe-
cially the gunner. Toward that end, they must search both ground and sky,
looking and listening for target signatures (critical signals) involving acous-
tic and visual patterns (engine noise, aircraft noise, broken vegetation, weapon
smoke, glare from airplane canopies or wings), using just their eyes and
ears or with the assistance of field glasses, telescopes, and thermal imagery.
All of this must be accomplished under extreme conditions of heat, noise,
vibration, and danger, In order to provide sone insight into factors that
might affect the vigilant behavior of armor crews and ways to counter threats
to their ability to remain alert, this chapter describes a variety of task and
environmental factors that have been discovered to play an Important role in
the quality of vigilance performance,

PSYCHOPHYSICAL DETERMINANTS

A Functional Equation

The Components of Vigilance

Performance efficiency in vigilance tasks is closely tied to the nature of
the stimuli that demand attention. Consequently, the study of vigilance,
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like that of other perceptual phenomena, has profited from the precise deter-
rmination of the stimulus conditions that influence performance, In summa-
rizing these conditions, it is helpful to follow the framework of an empirl-
cally determined functional equation developed by Jerlson (1959b) and modified
by Warm and Berch (1985), which takes the following form:

P = f(M, S, U, 8, C)
According to this relation, performance (P) is a function of the sensory

modality of signals (M), the salience of signals (S), stimulus uncertainty
(U), the characteristics of the background of nonsignal events in which
critical signals for detection are embedded (B), and task complexity (C).

* Signal Modality

Vigilance experiments have used auditory, visual, and cutaneous stimu-
lation, However, the sensory modality of signals Is not a matter of indiffer-
once when the quality of sustained attention Is concerned. Auditory tasks
tend to be associated with a higher level of overall efficiency and with
greater stability over time than their cutaneous and visual analogs (Davies
and Paramuraman, 1987,; Warm and Jerison, 1984), In addition, Intersensory
correlations are often low or nonsignificant (Hatfield and Loeb, 1968).

Fortunately, techniques are available that can enhance vist al perfor- j,
mance and improve Intersensory correlations in vigilance, The level of
visual vigilance can be elevated to that characteristic of audition by closely
coupling subjects to thm display so that they cannot avoid stimulation by
looking away (Hatfield and Loeb, 1968), and audiovisual correlations can
he increased by equating the types of discriminations required In the two
modalities (Gulinsky et al., 1990; Hatfield and Loeb, 196W; Parasuruman
and Davies, 1977), Performance with redundant displays in which analo-
gous signals are presented simultaneously to the auditory and vise-,d chan-
nels exceed4 that with single-mode displays. The dual-mode superiority
effect has been shown to stem from the integrative action of the sensory
systems and not from a fortuitous combination of their independent activi-
ties (Craig et al., 1976: Doll and Hanna, 1989). It represents a polentially
important technique for the general enhancement of monitoring efficiency.

Signal Salience

A common finding in studies of target detection under ler1ted conIdi-
tions iýi that the frequency of detection Is positively related to stimulus
amplitude and duration. These factors are ak'o important under conditions
of sustained attention. Investigations by Adams (1956), Gurahlick (I1972),
and Loeb and Binford (1963) have demonstrated that the overall quality of
sustained attention can be enhanced and performance rendered more stable
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over time by increasing the amplitude of the signal-to-noise ratio of critical
signals, In addition, Corcoran and his coworkers (Corcoran et al., 1977)
have shown that it is also possible to reverse the typical time course of
performance by "turning up the gain" on the sensory channel being moni-
tored, Using acoustic pulses, they found that an abrupt increment in the
amplitude of the stimuli midway through the vigil bolstered the frequency
of signal detections for the remainder of the session, In addition to amplil-
tude increments, signals can also be rendered more salient by increasing
their duration. Signals of brief duration are more likely to be missed than
those that remain visible for longer periods of time, Indeed, the rate of gain
in detection efficiency is a negatively accelerated increasing function of
duration up to a limit of about four seconds (Warm et al., 1970),

Stimulus Uncertainty

Alluisi (1966) has pointed out that, like lookouts in oldttime sailing
ships, subjects in vigilance experiments can be faced with considerable
uncertainty regarding the signals they are to detect-they may not know
when such signals will appear (temporal uncertainty) or where they will
appear (spatial uncertainty), The same can be said for armor personnel in
combat, Both types of uncertainty degrade performance efficiency.

One means of manipulating the subject's temporal uncertainty is through
variations in the density or the number of' critical signals presented during a
vigilance session, The morn frequently such signals occur within a fixed
time period, the greater the a priori signal probability and the lower will be
the subject's average uncertainty as to when critical signals will occur. The
accuracy of signal detections varies directly us a function of' signal density
(Warm and Jerlson, 1984). Increases in signal density also increase the
speed of detection in a regular manner. Using an iiformation theory analy-
sis to measure the density -determined temporal uncertainty in the appear-
ance of critical signals, Alluisi and his coworkers (Smith et al., 1960( Warm
and Alluisi, 1971) found that response times to detections increased as a
linear function of uncertainty.

An important aspect of' the effects of signal probability in vigilance
performance is that these effects persevetate, Several studies have demon-
strated that subjects trained initially under conditions of high signal prob-
ability do better during subsequent testing thiin do those initially exposed to
a low probability, regardless of the probability condition in effect (high or
low) during the testing phase of the experiment (Colquhoun and Baddeloy.
1964, 1967; Griffin et al., 1986; Krulewitz and Warm, 1977- McFarland and
llalcomb, 1970),

Temporal uncertainty In vigilance experiments has also been manipu-
lated through variations in the intervals of time between signals or the
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intersignal intervals. These intervals can i' "T'de quite regular and easily
predictable or irregular and unpredicta lo 15.- s Iced and accuracy with
which sigral detections occur is gree,'. ; , '•' .xt of regular compared

with irregular signal conditions (Adat,. Aid Boulter. 1964; Warm et at,
1974).

Spatial uncertainty has been introduced into vigilance experiments by
varying the probability that signals will appear in different locations of a
monitored display or by using an unpredictable sequence of display loca-
tions. Under such conditions, performance efficiency is lowered and sub-

Jects tend to bias their attention toward those portions of the disnlay in
which the likelihood of signal appearance Is highest (Adams and Boulter,
1964; Joshi et ul., 1985; Mtlosevic, 1974; Nicely and Miller, 1957).

The Background Event Context

Vigilance expcriments frequently employ dynamic displays in which
critical signals for detection are embedded within a matrix of recurrent
background events. For example, subjects may be asked to detect occa-
sional brighter flashes of light in a background of dimmer flashes or the
presence of a stronger pulse of acoustic stimulation in a background of less
intense pulses, Although the background events may be neutral in the sense
that they require no overt response, they are far from neutral In their influ-
ence on the quality of sustained attention. The frequency of background
events, or the background event rate, is a very Important determinant of
performance efficiency, Both the speed and the accuracy of signal detec-
tions vary inversely with event rate, and the vigilance decrement tends to be
more pronounced in the context of a fast compared with a slow event rate
(Jerison and Pickett, 19t4; Lanzetta et al,, 1987; Parasuraman, 1979; Parasuraman
and Davies, 1976).

From the earlier discussion of signal density, one might be tempted to
conclude that the effects of event rate tire artifactual. If critical signal
density is held constant, as is usually the case when event rate is varied,
increases in event rate reduce the conditional probability that a stimulus
event is a critical signal. Thus, event rate may simply be another example
of signal uncertainty. This is not the case, however, The qualily of sus-
tained attention decreases with increased event rate even when signal den-
sity is adjusted so that the conditional probability is equated within event
rates (Loeb and Binford, 1968; Parasuraman, 1979; Taub and Osborne, 1968),

In addition to its own ihifluence on performance, the background event
rate also modifies that of other stimulus parameters. The effects associated
with signal amplitude and signal regularity as well as the perseverative
effects of signal density are dependent on the event rate context in which
critical signals must be detected (KrulcviLz and Warm, .977: M Ne!v'ler -t '1_,
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1974; Moore and Gross, 1973). Moreover, the speed of probe detections for
a secondary task also depends on the event rate In force In a primary vigi-
lance task (Bowers, 1983: Parasurarman, 1985). Taken together, findings
such as these have led several investigators to conclude that background
event rate is probably the prepotent psychophysical factor in vigilance per-
formance (Parasuraman et al., 1987).

For the most part, neutral events in vigilance experiments have been
presented in temporally regular intervals, such as I event every 1F seconds
at an event rate of 5 per minute or I event every 2 seconds at a faster: rate of
30 per minute, Undrr such conditions, subjects can predict when an event
that needs to be inspected for the possibility that it is a critical signal will
appear. Accordingly, they can take task-contingent timeouts and rest be-
tween the appearance of events, Recent studies by Scerbo and his col-
leagues have denied subjects such redt intervals by using temporally irregu-
lar or asynchronous event schedules so that subjects could not be certain
when an event that could be a signal would appear and had to observe tho
vigilance display continuously. As might be anticipated, event asynchrony
degrades performance efficiency compared with a synchronous schedule, of
background events (Scerbo et al., 1987a, 1987b). The effects of both event
rate and event asynchrony are striking; they demonstrate that signal detec-
tion in vigilance experiments is determined as much by what transpires in
the Interim between signals as by the characteristics of the signals thenm-
selves,

Stimulus Complexity

Vigilance studies typically make use of relatively simple perceptual
discriminations Involving the detection of discrete changes in the intensity,
extensity, duration, or movement of stimuli on a single display (see Hancock,
1984, for a description of the kinds of displays used), In operational set-
tings, however, more complex discriminations are often involved and ob-
servers may be required to cope with multiple signal sources. A number of
attempts have been made to explore the consequences of increased task
complexity for the quality of vigilant behavior, but 'he results are not clear
cut.

In a well known study, Jerison (1963) asked observers to monitor three
displays simultaneously and found that the vigilance decrement was greatly
enhanced under such conditions, Rather than appearing after the first 5 or
10 minutes of' watch, he found that the decrement could be observed from
the very first signal onward. In contrast, however, are several expetiments
by Adams and his associates (Adams and Humes, 1963; Adams et al,, 1963;
Montague et al,, 1965) that employed very complex vigilance tasks with
multiple stimulus sources (from 6 to 36) under conditions in which any one
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source could present a signal at any moment in time. The vigilance decre-
ment was either absent or minimal in these experiments even though the
vigil lasted for several hours, However, the absolute level of vigilant per-
formance (the number of signals missed) was far from perfect. Adams's
findings have been confirmed recently by Warm and his collaborators who
varied complexity by increasing the cognitive demand placed on observers
in a vigilance task (Dernber et al,, 1984; Lysaght et al., 1984; Warm et al,,
1984). But Loeb and his coworkers have reported that the beneficial effects
of increased cognitive demand are limited-increasing demand beyond a
rather low optimal level degrades performance and restores the decrement
function (Loeb et al., 1987),

The problem of stimulus complexity is perplexing. Depending on the
approach employed, it is possible to amplify or eliminate the vigilance
decrement through modifications of complexity, Clearly, a resolution of
these disparities will be necessary in order to develop a complete functional
equation for the psychophysics of vigilance. Some insight into ways in
which this conundrum might be unraveled comes from a study by Fisk and
Schneider (1981), who approached the issue of complexity in terms of auto-
matic and controlled processing theory (see Schneider and Shiffrin, 1977),
According to this view, automatic processes a-e fast, fairly effortless, skilled
behaviors while controlled processes refer to relatively slow, effortful, ca-
pacity-limited processes. In a carefully conducted experiment in which
ioutomatic processing was developed over several hundred trials, Fisk and
Schneider found that the vigilance decrement was restricted to controlled
processing tasks; automatic tasks were performed in a stable manner throughout
the vigilance session. Evidently, proper training might be a key in aiding
subjects to cope with demanding vigilance tusks.

Sensing and Decision Making

The Theory of Signal D)etectlon

At first glance, at subject's n;uccess in correctly detecting a signal (a
predesignated stimulus event) ia vigilance or other detection situations may
seem to be a rather direct measure of the individual's perceptual ability in
that situation. However, if one examines the process of signal detection
more carefully, it becomes evident that perceptual rkports ure not that simple
(see Natsnulas, 1967)ý the affirmation of signal presence or absence does
not depend solely on perceptual sensitivity. Such a report is also contingent
on nonperceptual factors that include the subject's detection goals, expecta-
tions about the nature of the stimuli, and the anticipated consequences of
correct and ircorrect responses. Taken together, these factors compose the
subject's response criterion or willingness to emit a detection response.
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Failure to detect a signal can result from a lack of perceptual sensitivity for
the signal or from a conservative criterion that leads the subject to withhold
the detection response,

The theory of signal detection is concerned with these aspects of per-
formance. It is a major theory for the general study of perception and has
been used widely in investigations of sustained attention. A detailed tuto-
rial on the nature of this approach is beyond the scope of this chapter.
Appropriate descriptions can be found in Dember and Warm (1979), Green
and Swets (1974), and McNicol (1972), For special sections on the applica-
tion of signal detection theory to vigilance, see Davies and Parasuraman
(1982.) and Warm and Jerison (1984),

Applications to Vigilance

In essence, signal detection theory makes use of the frequency of cor-
rect detections (hits) and the frequency of false detections (false alarms),
which also decline over time in vigilance studies, to derive two independent
measures of performance: an index of perceptual sensitivity (d'). and an
index of criterion in responding (P), The former describes the keenness of
the observer's senses: the ability to discriminate signals from nonsignals,
The latter describes the observer's tendency to say "yes, I see a signal,"
thus possibly detecting more signals but also generating more false alarms,

These measures have provided an important insight into the nature of
the vigilance decrement, A substantial number of investigations have indi-
cated that the decrement often does not involve a decline in alertness during
a vigil (drop in d'), Instead, it reflects a shift to a more conservative
response criterion (rise in P3), perhaps because subjects develop more ratio-
nal expectations of the actual signal probability in force with experience in
the experiment (Davies and Parasuraman, 1982: Swets, 1977: Warm and
Jerison. I984; Willige,,, 1969), True perceptual decrements seem to he
restricted to extremely demanding situations with low levels of signal
discriminability, which may be brought about by low signal-to-noise ratios,
fast event rates, and memory demanding tasks (Parasurarnan et al., 19N7),

Task Taxonomy

A major feature of vigilance tasks is their diversity. As noted earl iv,
such tasks can he presented in different sensory modalities and utilize a
variety of psychophysical dimensions to define critical signals tor delec-
tion. Davies and Parasurarnan (1982) have argued, however, that there is an
essential order to this diversity that can be made clear by appealing to a
general view of attention known as resource theory. According to ibis
position, the quality of performance in many situations is directly related to
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the amount of mental resources or capacity invested in the task at hand
(Gopher and Kirnchi, 1959-; Kantowitz, 1985, see also Chapters 3 and 4).
With that notion in mind. Davies and Parasuraman have suggested a classi-
ficition system (taxonomy) in which vigilance tasks can be characterized as
successive or simultaneous. The f~ormer are absolute judgment tasks in
which subjects need to comrpare current input with a standard reiained in
working memory in order to separate signals and noise. Simul~ineous task'N
are comparative judgment tasks in which all of th,! information needed to
distinguish signals from nonsignals is present in the stimuli Lhemselves, and
there is little involvement of recent memory for the signal feature. Davies
and Parasuraman maintain that because of the memory imperative, sucr~es-
sive tasks are inore resource demandin- than their simultaneous cohor,.,. A
numbero~f studies have supported this point of view, In so doing, they have
adopted the strategy of comparing the effects of factors known to degrade
the quality of sustained attention by increasing the subject's iiiformamion
processing load on the perfo~rmanice of surcessive and simultaneous tasks.
If the former are more recource ~Jemanding than the latter, then any factor
that places an additional drain on the subject's informution processing re-
sources should have a more piviiounced effect on vigilance efficiency when
presented within the context of a successive compared with a simultaneous
task. Along thes-, lines, the degrading effects of increments in event re',.
event asynchrony. and the spatial uncertainty of signals have all been fou,.1
to be more notablt with successive than with sinitltaneous tasks (Joshi et
al., 1985-; Lanzetta et al., 1987. Sceibo et al., 1987a).

ENVIRONMENTAL STRESS

Frnvironment and Task

In addition tc psychophysical factors, vigilance perforinanme is influ-
enced cnnsiderambiy by conditions in the ambient environment. These condi-
tions are often termed environmental stiessors, The concept of stress, which
is di.kcussed more fully in Chapter 4. is difficult to define. but for the
purpose of' thi% chapier. stress is considered to be any threat to the physical
or psychoiogical well-being of the organkis (Wingate, 1972). The diseus-
sioni centers on the effects on vigilance of tour basic stressors thut ar?!
particularly likely to be a liart of' the combat environment of tanks: Wini-
perat~re, no)ise, .ibration, and sleep his:;.

Temperature

As iii thie case of the psychoiThysics of vigilance. Mackworth's seminal
studies, 1948, 196 1) also providud the marliest data regardinig the effects of
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heat on performance efficiency. Using a range of effective temperatures
from 21 to 36 degrees centigrade, he found an inverted U-shaped function
between performance efficiency and the temperature of the testing chlimbe,.
Performance was maximal at about 26 degrees centigrade and was poorer at
temperatures on either side of that point. Later studies have demonstrated
that while performance may improve when subjects are first exposed to
moderate levels of heat (Kerslake and Poulton, 1965), the quality of vigilant
behavior is impaired with continued exposure to temperatures above 32
degrees centigrade. In these conditions the probability of signal detection
declines, as does d', the sensitivity (Benor and Shvartz, 1971; Mackie and
O'Hanion, 1977; Pepler, 1953; Poulton and Edwards, 1974. Poulton et al.,
1974).

The effects of heat stress on vigilance performance have also been
studied more directly in terms of body temperature itself. Bell and his
colleagues have found that performance suffers with rising body tempera-
ture (Bell et al., 1964), while other studies have reported that performance
effikency improves with elevatiuns in body temperature (Colquhoun and
Goldman, 1972; Wilkinson et al., 1964). In an effort to account for this
disparity, Hancrnck (1984) has noted that the subjects' body temperatures
were rising during the vigilance session in the Bell et al. (1964) experiment,
while in the other studies, subjects were established in a static hyperthermic
staLe during the session. Hancock (1984, 1986) has suggested that the key
to understanding the effects of thermal stress lies in the action of the stres-
sor on deep body tcmperatitre. Vigilance performance breaks down wish
perturbations in core temperature, remains unaffected when there is no variation
in that temperature, and can be facilitated when subjects are established in a
static hyperthermic state. Only a few studies have examined the effects of
cold on vigilance performance. Nevertheless, they suggest that, like exces-
sive heat, cold also impairs the quality of sustained attention when deep
body temperature is perturbed (Hancock. 1984, 1986).

Noise

As described by Loeb (1986), noise, or unwanted sound, is the most
ubiquitous pollutant in our industrialized society and a major environmental
stressor. Accordingly, its effects have been studied extensively in a variety
of situations, including those requiring sustained attention (Jones, 1983,
1984). The effects of noise oe vigilance performance are intricate and
depend on many factors. Two of the more important are the type of noise
involved, intermittent or continuous, and task complexity.

Studies with intermittent noise have led to a plethora of conflicting
results. In different circumstances, such noise can either enhance or de-
grade vigilance performance or have no effect at all (Hancock. 1984; Koelega
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and Brinkman, 1986h Pculton. 1977). Conditions in which noise is loud and
continuous, such as might be expected in armored vehicles during comnbat,
have led to more consistent results. Subjects appear to be relatively im-
mune to the adverse cftefts of continuous noise when required to monitor
only a single stimulus source (Blackwell and Belt. 1971; Davies and Hockey,
1966: Jerison, 1959a; Poulton and Edwards, 1974). They are far less im-
* :une, however, when attention must be direlrted to several stimulus sources,

* tvor example, Broadbent (1954) and Jerison (1959a) have reported that loud
continuous noise degrades the speed and accuracy of signal detections in
multidisplay monitoring tasks. The general effects of continuous noise oil J
the quality of vigilant behavior can be summarized as follows: performanme
is degraded by loud noise (above 90dB SPL) when the information process-
ing or resource demands of the task are high while it remains unaffected by
loud noise when the processing demands are low. In addition, performance
under low demand conditions can be facilitated by )ow-level (approximately
64dB SPI,) continuous noise that is variegated in character (Hancock and
Warm, 1989; Loeb, 1986).

In careful reviews of the literature on noise and vigilance, Jones (1983,
1984) has noted that continuous noise leads to two interesting changes in
the manner in which monitors process information. One of these is a ten-
dency for noise to increase their confidence in the adequacy of a detection
decision. For example, given a choice of using one of throe response cat-

* egories when interrogating stimulus events for the presence of signals, "Sure
Yes," "Unsure," and "Sure No," subjects exposed to noise increased the use
of the two extreme categories at the expense of the intermediate one (Broadbent
and Gregory, 1965). A similar result has also been reported by Hartley and
Shirley (1977;. As Jones (1984) has noted, it would appear t:at the range
over which sensory information is considered becomes narrowed in noise,
and in terms of signal detection, theory, the di:-tance in decision-space sepa-
rating risky and cautious response criteria is lessened in noise. Hence, in
settings in which risky responding is encouraged, such as combat situations
wherein detecting the enemy first is vital for succe;,s, noise could reduce the
likelihood of carly target acquisition.

The second noise-related information processing change is in the man-
ner in which monitors interrogate the vigilance display itself. Hockey (1970)
has reported that noise induces subjects to follow the tendencies toward
attentional narrowing (Easterbrook, 1959), discussed in Chapter 4, and shift
their inspectfon away from peripheral, low-priority events, toward more
central high-priority events. Jones (1983) has argued that this effect is
essentially strategic in character: resources are invested in some sources of
information rather than others. Such a noise-induced tradeoff has poten-
tially important combat implications. It could serve to enhance target ac-
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quisition where it is likely that the enemy may he located on the battlefield,
but at the same time, render a tank crew more vulnerable to threats from
less likely locations.

Vibration

Vibration is a common experience among travelers regardless of whether
their vehicles move about in the air, on the land, or in the sea. It is also
encountered frequently in the workplace with machinery of all sorts. Ac-
cordingly, vibration stress has been a serious human factors concern (Goether,
1971). Surprisingly, however, few studies have focused on the relation
between vibration and vigilance performance. The data that are available
indicate that, except for situations in which the amplitude and frequency
(above 10-15 Hz) of vibration is strong enough to blur vision (see Hancock,
1984; Poulton, 1977), vibration seems to have little impact on the quality of
sustained attention. Studies by Schohan et al. (1965) using visual discrimi-
nations and Weisz et al. (1965) using both visual end auditory discrimina-
tions failed to find any significant effects foc vibration on performance
efficiency. Indeed, two experiments using vibration at 5Hz. the resonant
frequency of the human body to vertical vibration (Poulton, 1977), found
that such stimulation enhanced the frequency of signal detections (Shoenberger,
1967; Wilkinson and Gray, 1974). Poulton (1977) has suggested that this
effect mnay be based on an increase in arousal level, but his explanation is
not shared by all investigators (Hancock, 1984). All things considered, it
would appear that, unless quite severe, vibration is not likely to be a serious
environmental threat to the alertness of rotorcraft or armor crews.

Sleep Losg

As described in Chapter 5. a substantial body of data is available to
indicate that sleep loss reduces efficiency on a variety or tasks (Anch et al.,
1988; Broadbent, 1963: Colquhoun, 1972; Johnson and Naitoh, 1974). As
described here, sleep deprivation, in particular, has been found to have a
strong impact on the ability of monitors to remain alert. For example,
Bergstrom et al. (1973), using a simulated radar task, found that the per-
centage of target detections d1 )pped consistently from 100 percent to only
70 percent as the amount of time subjects went without sleep increased
from 6 to 66 hours, Several other studies have shown that, after or.e tiight
of total sleep deprivation, the overall speed and accuracy of signal detec-
tions declined as did perceptual sensitivity, and that the vigilance decrement
can be exacerbated. In air crews, vigilance tarks are found to he the first
affected by fatigue. Moreover, the amount of impairment resulting from
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sleep loss is linked to circadian rhythms. It is greater at night than during
the day and reaches its maximum during the early morning hours (Davies
and Parasuraman, 1982; Home et al., 1983).

Williams et al. (1965) have pointed out that, rather than resulting in a
system shutdown, the loss of adequate sleep appears to produce brief peri-
ods of inefficiency or lapses in what is otherwise normal functioning. These
lapses are considered to stem from intervals of microsleep, which become
common with fatigue (Hockey, 1986). It is encouraging to know that the
effects of total sleep deprivation are not necessarily long-lastinit, a point
that might be of Importance when considering the recovery of armor crews
from sleep stress (Anch et al., 1988). In this regard, Rosa et al. (1983) have
reported that subjects who suffered performance impairments after 40 or 64
hours of sleep deprivation returned to a baseline level of efficiency after 4
or 8 hours of recovery sleep, respectively. Recently, studies have shown the
benefits of brief naps in air crew performance (Rosekind et al., 1991).

Rather than prolonged sleep deprivation, battle scenarios are more likely
to include partial deprivation or limitations of normal sleep length. Studies
by Hartley (1974), Webb and Agnew (1974), and Wilkinson and his col-
leagues (Wilkinson, 1968, Wilkinson et al., 1966) have shown that reduced
sleep regimens impaired vigilance performance in comparison to control
sleep schedules. Along these lines, it is worth noting that acute shifts in the
sleep.wakefulness cycle can also affect vigilance performance. Taub and
Berger (1973) have reported that signal detectability is impaired in subjects
permitted the usual eight hours of rest when their sleep schedules were
shifted forward or backward by several hours from their normal bedtimes.
A similar result has been reported by Seidel et al. (1984). In addition, Taub
and Berger (1969) have described what they have called the "Rip van Winkle
effect," in which auditory signal detections were significantly lower after I I
hours of sleep than after the typical 8 hours. As Davies and Parasuraman
(1982) point out, it would seem that any alteration in the normal sleep
schedule can impair the quality of sustained attention.

Task-Induced Stress In Vigilance

Physiological Indices

Historically, vigilance tasks have been viewed as tedious but benign
situations that place little demand on those engaged in them (Dember and
Warm, 1979; Parasuraman, 1984). Evidence is accumulating, however, to
indicate that vigilanLe tasks are not benign. Instead. such task. can be quite
demanding and induce considerable stress in subjects. Consequently, armor
crew members who must perform tasks requiring vigilance functions during
combat may be stressed not only by environmental factors, but also by the
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tasks they need to perform. This aspect of sustained attention tasks led
Hancock and Warm (1989) to suggest that, in order to understand the role of
stress in human performance, it is necessary to revise traditional views of
stress as an independent environmentally and/or socially determined agent
that acts on performance and recognize that tasks themselves can be a sig-
nificant source of stress.

The stress response of a monitor during a vigilance session can be
assessed by measuring the levels of circulating catecholamines (epinephrine
and norepinephrine) and corticosteroids released into the bloodstream
(Parasuraman, 1984; Wesnes and Watburton, 1983). This method was used
by Frankenhaeuser et al. (1971) in comparing subjects' responses with a
supposedly overstimulating sensorimotor task, In which they responded to
nmultisensory stimuli with appropriate button-pressing, lever-pulling, and pedal-
pushing activities and an understimulating vigilance task, involving the de-
tection of increments in the intensity of visual targets, during a three-hour
experimental session. As expected, the complex sensorimotor task pro-
duced elevated catecholamine levels indicative of stress. However, both
epinephrine and norepinephrine levels were also elevated during the vigi-
lance task, indicating that the latter also induced effort and stress. Similar
results for vigilance tasks have been reported by Frankenhaeuser and Patkai
(1964) and by Lundberg and Frankenhaeuser (1979).

More recently, Hovanitz et al. (1989) measured the vigilance.induced
stress response by means of a frontal electromyogram and found a significant
increase in muscle tension over the course of a one-hour session. Moreover,
they reported that the task brought on tension headaches in sensitive subjects,

Mood Measures

Still another way to examine the stress induced by sustained attention
tasks is through the use of self-reports of mood after participating in a vigil.
The initial investigation along this line was conducted by Thackray et al,
(1977), who asked monitors to rate their levels of boredom, monotony.
irritation, attentiveness, fatigue, and strain at the beginning and at the end
nf a one-hour vigilance session. The task consisted of a simulated air traffic
control radar system that displayed targets flying along specified routes at
different speeds, Critical signals for detection consisted of departures from
altitude as reflected in alphanumeric readouts on the radar screen. The
subjects rated themselves as feeling significantly less attentive and more
bored, strained, irritated, and fatigued after the vigil than before its start.

Subsequent studies using the Thackray scales have reported similar mood
changes following participation in a watchkeeping session (Hovanitz et al.,
1989; Lundberg et al., 1980; Thiemann et al., 1989). In addition, Warm and
his coworkers (Dittmar, 1989; Macomber, 1967; Thiemann et al., 1989;
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Warm et al,, 1991) have reported that subjects feel more sleepy and fatigued
after a vigil than at its start, as measured by the Stanford Sleepiness Scale
(Hoddes et al., 1973) and a scale of symptoms of fatigue developed by
Yoshitake (1978). Indeed, in one study, self-reports of fatigue increased by
120 percent over the course of a 40-minute vigil (Thiemann et al., 1989).

In addition to these investigations, negative mood changes during the
course of vigilance performance have also been reported in two additional
experiments that had more direct operational bearing. In one of these,
Warm et al. (1989) examined the effects of extratask demands and long
hours of work on the performance of simultaneous and successive vigilance
tasks in a simulated work environment. For 3 consecutive 12-hour days,
subjects engaged in 4 1-hour vigilance tasks interspersed with work at a
heavy-load or light-load data entry task. They reported becoming more
drowsy, strained, and fatigued and they experienced more somatic com-
plaints over the workday and the workweek. These mood changes were
maximal with the successive task and the heavy auxiliary workload, sug-
gesting that in order to maintain performance standards in the successive
task, subjects expended more processing resources, which led to a greater
cost in fatigue and strain.

An interesting report by Johnson and McMenemy (1989) on mood changes
among U.S. soldiers during sentry duty is also consistent with the idea that
vigilance tasks are inherently stressful and provides striking evidence for
the ecological validity of the findings of the other investigations just de-
scribed, During three hours of simulated sentry duty, soldiers assumed a
standing foxhole position and monitored a realistic target scene for pop-up
targets-silhouettes of enemy troops. On detecting targets, the soldiers
pressed a telegraph key and fired a Weaponeer rifle simulator. Target detec-
tion speed deteriorated with time on duty. a result that could have rather
disastrous consequences in combat if the enemy's marksmanship is good,
and the sentinels' predominant mood shifted during the assignment from
one of vigor at the outset to fatigue at the end. Johnson and McMcnemy
suggest that, in order to optimize sentry duty performance, it should be
limited to one hour or less.

Extrapolating to armor crews, sentry duty is often required in the so-
called quiet time prior to combat when the crews are preparing defensive
positions or waiting to begin offensive action themselves. Clearly, what
was once thought to be a relatively nonstressful activity may place a much
greater degree of strain on sentinels in the field than previously believed.

Perceived Workload

Additional evidence for the stress of sustained attention tasks comes
from measurements of their perceived mental workload, This concept re-
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fers to the information processing load or resource demands that are associ-
ated with a task (O'Donnell and Eggemneer, 1986). Recently, several inves-
tigations of sustained attention used a subjective scale of mental workload
known as the NASA Task Load Index, or the TLX, The instrument is a
multidimensional scale that provides a global measure of workload and
identifies specific components of workload along three demand dimensions
(mental, physical, and temporal) imposed on the observer by the task and
three dimensions (effort, frustration, and performance) related to the inter-
action of the observer and the task (Hart and Staveland, 1988). These
studies showed that the cost of mental operations in vigilance Is indeed
high. For example, Gluckman et al. (1988b) reported uniformly high workload
responses to both simultaneous and successive sustained attention tasks,
and that overall workload levels varied inversely with the psychophysicul
salience of the signals; the more difficult It was to see the signals, the
higher the workload. This result was confirmed by Galinsky et al. (1989),
who found in addition that the powerful effect of event rate In vigilance was
reflected directly in the perception of montal workload. The fact that workload
scores in vigilance can be brought under psychophysical control enhances
the validity of these subjective ratings (see Natsoulas, 1967).

Vigilance studies by Deaton and Parasuraman (1988), Decker et al.
(1991), and Dittmar (1989) also found overall workload scores at the upper
end of the TLX scale, These values are generally higher than those ob-
tained for tasks such as memory search, choice reaction time, mental arith-
metic, and grammatical reasoning (Dittmar, 1989), In all of these experk-
ments, the major factors that contributed to overall workload were mental
demand and frustration, a result that provides further indication of the stress
of sustained attention. Moreover, it appears that stress effects may be so
pervasive that they are more difficult to alleviate thatn performance effects.
at least by noninvasiv, inean4. More specifically, Warm et al. (1991) found
that providing subjects with brief whiffs of air containing the scent of Inugget
or peppermint can enhance the probability of signal detections in vigilance
compared with plain air control conditions. Although overall pert'ormance
was affected by the olfactory stimulation, neither fragrance made the task
seem less demanding in terms of TLX workload ratings or reduced the
feelings of stress obtained from self-r"nort mood measures,

OPERATIONAL RELEVANCE

Workload Transition

Current Army doctrine calls for crews to remain with their tanks at the
periphery of a battle zone for up to 72 hours prior to combat. During this
time, there is relatively little to do, With the order to engage the enemy,
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however, the crews will suddenly be thrust into a period of high workload
and stress, What are the implications for the efficiency of performance at
this juncture of a prior period of relative inactivity? The question of workload
transition on the battlefield is the central issue of this volume. Unfortu.
nately, while there is a considerable literature on vigilance, very little infor-
mation is available on the transition problem with regard to the quality of
sustained attention, Nevertheless, the information that is available suggests
that vigilance efficiency could be threatened considerably by a shift in the
workload level.

Assuming that the modern battlefield will feature an intermingling of
friendly and enemy forces, it would appear that one consequence of the
onset of combat would be an increased event rate with respect to potential
targets, A similar situation is found in the nuclear power plant following an
abnormality. Scores of lights and warnings may be illuminated, but only a
small percentage of these may contain useful diagnostic information,

A study by Krulewitz et al. (1975) addressed this issue in the labora-
tory. These investigators examined the effects of abrupt shifts In event rate
in a low to high as well as in a high to low direction and found that such
shifts had strong effects on monitoring efficiency, The frequency of signal
detections for subjects shifted from a low to a high event rate was consider-
ably poorer than that for control subjects maintained on the high event rate
throughout the vigilance session, Conversely, a shift in the opposite direc-
tion resulted in enhanced performance on the part of the shifted subjects, A
similar result has been reported by Wiener (1977) In a study in which the
event rate was not altered within a session, but instead between sessions,
Wiener's finding suggests that the event rate shift effect is most likely a
contrast phenomenon In which prior experience determines the perceived
magnitude of stimulus events (see Corso, 1967). Consequently, the high
resource demands of a fast event rate in combat may be exacerbated by the
lower demands of the lower event rate prior to the onset of combat.

Still another aspect of the post-trunsition phase compared with the prior
passive waiting period is that team members will probably be confronted
with more dual-task requirements, For exumple, the air crew may need to
fly a crippled airliner while simultaneously engaging in demanding fault
diagnosis and problem solving, and the tank commander may find it neces-
sary to watch for both hostile aircraft and ground forces, A recent study by
Gluckman et al, (19t89a) demonstrated that efficiency is dcgroded when two
vigilance tasks must be handled simultaneously and that this effect is stron-
gest wheo resource demands are increased by the presence of a successive
task in the dual-task ensemble.

Further work by Gluckman on dual-task vigilance performance has in-
dicated that, as in the case of event rate, changes in workload wrought by
shifts in dual-task requirements during a vigil can also have a deleterious
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effect on performancm efficiency, This effect, however, is quite different
from that which results from alterations in event rate. More specifically,
Gluckman (1990) has reported that subjects shifted from single-task to dual-
task monitoring (low to high workload) during a vigil did as well on the
dual-task assignment as controls who were maintained on that assignment
throughout the vigil. By contrast, subjects shifted from dual-task to single-
task m'-nitoring (high to low workload) performed more poorly immedi-
ately after the shift compared with controls who were maintained on the
single task continuously. A result of this sort suggests that the cost in
resource expenditure incurred by a high workload during combat may perseve'ate
and have a negative Impact on subsequent tasks requiring sustained atten-
tion (e.g., sentry duty) that armor personnel may have to perform after
combat. When compared with the effects of shifts in event rate described
by Krulewitz et al. (1975) and Wiener (1977), Gluckman's (1990) findings
also suggest that the effects of workload transitions on vigilance perfor-
mance are complex-they seem to depend on the precise manner in which
such changes are brought aboul. This interpretation is supported in a recent
report by See (1992), which indicated that shifts in workload brought about
by changes in signal salience produced still a different result from the Krulewitz
et al. (1975) and Wiener (1977) experiments, In See's investigation, sub-
jects shifted from high-salience to low-salience signals performed in a man-
ner equivalent to their continuous low-salience controls, while subjects shifted
in the opposite direction performed in a manner similar to their continuous
high-salience controls.

Given that the quality of vigilant behavior may be affected adversely by
increments in workload, can anything be done to minimize the potential
problem of workload transition and to enhance the general vigilance level
of tank crews'? Some suggestions towu'd these ends are offered below.

Remedlation

Engineering Solutions

In a cogent analysis of human factors principles in the control of vigi-
lance, Craig (1984) suggested a number of general approaches for enhanc-
ing the quality of sustained attention in operational settings. Two of these,
reductions in signal uncertainty and the moderation of environmental sou,'ces
of stress, might be followed by focusing on enhanced engineering design.

In Craig's analysis, the phrase signal uncertainty has broad meaning. It
refers to anythiag that might aid monitors in detecting small, transient, or
otherwise inconspicuous targets. In view of what is known with regard to
the importance of signal amplitude and duration in vigilance in the tank
environment, devices for aiding target acquisition, such as thermal imaging
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or computer-assisted detection systems, might be built to amplify the inten-
sity of such critical signals as hot spots and weapon flashes and incre.ase
their dwell time of such signals on the crews' target acquisition displays.
Computer aids might also be developed to provide crews with information
as to the most probable times of appearance and spatial locations of targets
and thus reduce the effects of both temporal and spatial uncertainty on
vigilance efficiency,

As noted earlier, the sensory modality of a signal plays an important
rtvle in the quality of vigilant behavior, and sensory redundant displays aid
in dete-.tion efficiency. Accordingly, thought might be given to ways of
taking advantage of this effect by designing a form of radar-sonar system
for tanks that would make use of analogous audio-visual signals, as has
been successfully demonstrated for submarine sonar monitors (Lewandowski
and Kobus, 1989). Such a system might increase overall efficiency in target
acquisition. It might also reduce the powerful effects of event rate, since
these effects can be eliminated in the laboratory when subjects are permit-
ted to search for targets by alternating their Inspection of analogous audi-
tory and visual displays (Gallnsky et al., 1990).

Throughout this chapter emphasis has been placed on the importance of
resource utilization as a way of understanding vigilance performance, It is
clear that successive tasks drain more processing capacity than simulta-
neous tasks. Hence, designers should strive whenever possible to provide
simultaneous displays for target acquisition functions. This might be achieved
by the use of instruments that furnish crews with immediate reference stan-
dards against which events can be compared instead of forcing them to rely
on short-term memory to separate signals and noise.

In addition to these psychophysically oriented solutions, Craig (1984)
has suggested that still another means by which the observer's uncertainty
about the signal to be detected might he reduced and the likelihood of target
acquisition enhanced is to employ multiple monitors under the assumption
that failures to detect a target are likely to be uncorrclated; thus, what is
missed by one monitor might he detected by another. In this way, detection
piobability by the team of monitors may be greater than that of only one
monitor.

Team monitoring is an attractive possibility for enhancing target acqui.
sition in armor crews, since Army doctrine calls for overlapping fields of
inspection oii the battlefield (Armor Field Manual 17-12-1, 7Tnk Conhat

hkbles, no dute). Unfortunately, the experimental evidence with regard to
the effectiveness of team monitoring in vigilance is too equivocal at present
to permit a strong endor.,cment of this pwactice. While some experiments
have demonstrated an improvement in signal detectability for teams of monitors
compared with lone monitors (Baker et al., 1962: Konz and Osman, 1977,
Mice, 1965; Morgan and Alluisi, 1965; Wiener, 1965), other studies have
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reported no advantage for monitoring teams (Bergumn and Lehr, 1962). In at

least one case, performance for multioperator teams was poorer than that of
single monitors working alone (Ware et al., 1964). The effects of teamr
monitoring are complicated by the fact that social interactions between monitors
plays a role in determining the effectiveness of the procedure, For example,
a study by Klinger (1969) showed that the performance of a monitor is
enhanced by the presence of a coactor, but only when the coactor served as
a potential evaluator by having access to the quality of the monitor's perfor.
mance.

It is worth noting that the lack of consistency in team monitoring stud-
iet was first pointed out by Davies and Tune (1969) several years ago.
Little work has been done since that time to clarify the issue, Moreover,
except for one study involving signal density (Bergum and Lehr, 1962),
none of the available experiments has explored the Influence of Important
psychophysical variables on the effectiveneais of team monitoring, Given
its potential applicability to target acquisition in armored combat, the team
concept warrants further investigation.

Unlike a factory environment or that of the air crew in fixed-wing
aircraft, both of whom can be under the control of the Intrinsic interests and
the wishes of management, battlefield conditions are more capricious, and
the battlefield is a more difficult arena in which to modify sources of envi-
ronmental stress, Noise and vibration are likely to hb unavoidable, and
complete noise abatement is probably not advisable, since noise in battle
can be informative as well as distracting, In contrast, the elimination of
temperature extremes of the sort that can degrade vigilance efficiency in
tanks or helicopters would appear to be worthwhile, This can be accom-
plished by building appropriate cooling and heating systems into such ve-
hicles and/or by providing protective clothing that can insulate crew mem-
bers from climatic extremes. These steps seem to he especially necessary if
tank crew members are to remain buttoned up inside their vehicles for
several houlrs, as in chemical warfare scenarios,

Tralnlrg

A third approach to the control of vigilance recommended by Craig
(1984) and also by Parasuraman (1986) is training. Considerable evidence
exists to indicate that training with target cueing or with knowledge of
results can have a beneficial effect on performance in tasks requiring sus-
Wined attention (Decker et al,, 1991; Dittmar et al., 1985; Wurm, 1977;
Warm and Jerison, 1984; Wiener, 1984). With regard to their vigilance
functions, crews of any team confronting vigilance problems may profit
from instructions designed to optimize response strategies. Moie specifi-
cally, it may help crew members develop more effective procedures for



160 WORKLOAD I)RANSiTION

coping with the vigilance challenges that confront them in combat situa-
tions to advise them of such effects as the tendency of monitors to: (1)
transfer signal probability estimates from one situation to another, (2) ig-
nore low-probability areas tinder spatial uncertainty, (3) become more con-
servative in responding over time, (4) ignore peripheral stimuli in noise,
and (5) become more certain (perhaps unduly so) of signal and nonsignal
decisions in noise. This training of operators to understand the biases and
tendencies In their own performance has ma analogy in decision making
discussed in Chapter 8, wherein such debiasing procedures have proven
successful.

The most impressive testimonial for the potential benefits of training
comes from Fisk and Schneider's (1981) finding that the decrement func-
tion can be eliminated when vigilance tasks become automatic. Fisk and
Scerbo (1987) provide several suggestions for how training should be car-
ried out to maximize automatic processing development. Appropriate strat-
egies for this type of training are discussed in Chapter 11, Fisk and Scerbo
(1987) have also pointed out that training for automatic processing can
make vigilance performance more resistant to the effects of environmental
stress and increased mental workload, findings that add to the potential
importance of a good training regimen and that fit well with Wilkinson's
(1969) claim that familiarity with a task is a primary way to Insulate perfor-
mance against the effects of stress. As for stress itself, evidence is also
available that indicates that training can have an important role in helping
individuals to develop appropriate coping strategies (Hockm.y, 1986; see also
Chapter 4),
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7

Geographic Orientation

For a tank crew, developing an accutate mental model of the environ-
ment in which the battle is like!y to take place is especially Important
during the critical period prior to the onset of P battle. The performance of
this task is mediated by a number of general factors: workload, stress,
fatigue, and environmental conditions. This chapter focuses on some of the
general factors involved in thu deve'.pment of the team commander's model
of the world and how those factors affect his geographic orientation and
workload. Although each of' the factors mentioned abocve mediates a tank
commander's battlefield success, his ability to maintain geographic orienta-
tion (i.e,, awareness of one's location in the world) may be the most critical.
The successful tank commander needs to know where he is (present posi-
tion), where he is going (obkjective), and the pOsition of both friendly and
enemy forces (knowledge of his battle urea) at all times, in order to com-
plete the mission. Without this knowledge, situational awareness (knowl-
edge of the dynamically changing environment) may be lost, and comple-
tion of his portion of the battle plan may not be executed successfully. If
the firepower of his team is critical to the success of the mission, the battle
could be lost.

The following pages 1,,'ovide a general review of the theoretical basis of
geographic orientution, rhen, drawing the close analogy between naviga-
tion in tanks and in helicopters, w,- describe the specific navigational tasks
confronted by operators of these two vehicles, The chapter concludes by
placing these tasks in the context of the phases of workload transition,

Althk ugh geographic orientation is critical Ifor the tank crew, it is equally
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important for at least one other transition team, the helicopter, whether an
emergency medical services craft suddenly called for a rescue mission, or a
combat vehicle called into battle. Even in systems in which the world of
concern is small, such as the nuclear power plant, geographic or spatial
orientation will become critical if the operator must diagnose the location
and topology of a fault within the complex interconnections oi the system.

WHAT IS GEOGRAPHIC ORIENTATION?

Geographic orientation is not a term defined by Webster. But, using
Webster's definition for geography and orientation, it may be approached as
the sum of two terms: (1) geography: the features, especially the surface
features of a region, area or place and (2) orientation: position with relation
to the point of the compass; familiarization with, or adaptation to, a situa-
tion or environment; specifically in psychology, interpretation of the envi-
ronment as to time, space, objects, and persons. Deaver (1949) defines
orientation as encompassing two psychological senses: aworeness of one's
spatial and temporal position within an environmentally defined frame of
reference, with respect to mental rotation.

Thus, we can define geographic orientation as: (1) awareness of one's
relationship to physical features (especially the surface features) of a re-
gion, (2) one's awareness of relative location within that region (e.g., the
center or the edge), and (3) one's temporal awareness of when one should
arrive at locations within that region.

For tank commanders or helicopter crews, geographic orientation refers
to their knowledge of the environment through which they arc moving and
to the relationship between where they are, where they should be, and where
they are going. Since the visual scene is continuously changing, geographic
orientation is a dynamic process, It requires navigators to focus their visual
attention on the immediate environment, to maintain directional control anti
to avoid obstacles, while simultaneously relating information in the visual
scene (a forward view) to remembered landmarks or those depicted on hand-
held or electronic maps (a downward view). Correlating the outside visual
scene with maps that depict the same area is cognitively demanding and
requires mental rotation and rescaling at least. The difficulty of this task is
further increased when objects that are visible in the forward field of view
do not appear on the map, objects are represented by labels or symbols
rather than pictures, and significant landmarks are obscured by other terrain
features, reduced visibility, or both.

How do operators attain and maintain geographic orientation during
operations'? Befoie we can understand this process, we should examine
some of the general factors involved. rhe following sections will review:
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(1) The issue of constraints on spatial awareness: What physical fea-
tures permit and constrain people's orientation in the world around them?

(2) Spatial frames of reference: How do people represent or understand
their position in the world?

(3) How do factors such as confirmation bias (e.g., expectancies) and
object comparison processes (i.e., comparing map objects or symbols with
viewed objects) affect orientation?

(4) Language: How do people communicate relative positions (i.e., use
verbal information to aid in self-orientation and that of others)?

(5) Timing: How do people remain aware of where they should be
while on the move?

REAL-WORLD CONSTRAINTS ON SPATIAL AWARENESS

The world around us provides a basic structure within which our orien-
tation is defined. It determines both how position and movement can be
defined and measured and how we can come to know our position (i,e., how
we can achieve orientation). According to Shepard (1984), the most perva-
sive and enduring constraints in the world in which we have evolved are
likely to have become internalized in the nervous system. As a conse-
quence, such internal constraints may be both so abstract, and so much a
part of ourselves, that we are ordinarily unaware of them, The following
may be considered the fundamental constraints on our experience of geo-
graphic orientation.

Space is three-dimensional and locally Euclidean. Rigid motion of an
object can be defined by six degrees of freedom: three are transiational and
three are rotational. The earth's gravitational field determines a locally
unique upright that is orthogonal to an approximately flat surface. When,
as observers, we are constrained to this surface, we possess: 01) a unique
top (the head) and bottom (the feet) defined by our standing orientation, (2)
a unique front and back defined by the direction we are looking and our
direction of travel, and (3) a basic laterality that defines our right and left
sides (Shepard, 1984) but is less salient than the vertical and fore-aft di-
mensions.

There are more subtle constraints that ma) be internalized as well. For
example, on a flat horizontal surface, a person may move in any direction
defined with respect to the north-south, east-west frame of reference. North-
south and cast-west are not abstract concepts, since they may he internal-
ized with respect to consistent phenomena in the world (e.g., the sun rises
in the east and suts in the west: and when one faces east, north is always on
the left, and south on the right). This frame of reference may be contrasted
to the earth's magnetic field, a natural phenomenon that is not directly
visible but that provides a cue to direction when depicted by a compass.
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Frames of Reference

Frames of reference are the basic spatial cognitive models by which we
define where we and others are in the world. As such, frames of reference
are obviously critical elements in any account of human navigation. Three
different frames of reference have been proposed as crucial to successful
geographic orientation and locomotion. The firot, one's egocentric or ego
frame, is defined with respect to an observer's body (e.g,, above/below,
front/back, and left/right).

The second, a container, world, or environmental frame, defines loca-
tion with respect to physical or imaginary world lines or surfaces. The most
familiar container frame, altitude, is defined by the physical dimension of
feet above sea level (up/down) and the more imaginary latitude (north/
south) and longitude lines (east/west) is defined by degrees, minutes, and
seconds. Other container frames can be defined with respect to more con-
crete boundaries, such as tree lines or rivers. The most important feature of
container systems is that their utility diminishes as the observer gets farther
and farther away from the relevant lines or features. Thus, earth latitude/
longitude coordinates would provide a very poor reference system for locat-
ing features on the surface of Mars, and position relative to streets in New
York yields poor localization for places in Trenton.

The third type of reference frame is an object-centered frame, in which
locations and directions are defined relative to fixed landmarks (eg., mountaintop,
valley, outlook tower), In some ways it shares properties with both the
container and the ego frames. It can be defined with respect to axes run-
ning parallel to the top/bottom, front/back, left/right, or sides of some ob-
ject. Thus, it is very similar to the container frame in that it has important
world lines or surfaces. However, it is similar to the ego frame as well.
inasmuch as the concept or let'/right is involved.

Although all three frames and their associated dimensions can be of
critical importance for an individual, their perceptual availability differs
greatly, For example, the gravitationally defined up/down dimension is
accessible in all three frames by vestibular and visual cues (e.g., objectu,
typically have perceptually distinct tops and bottoms), However, vestibular
cues are subject to the effects of motion, The front/back direction is also
generally quite salient, Even though front/back is not as invariant a dimen-
sion as gravity, it is useful. Front/back is available in the egocentric frame
(e.g., what can and can not be immediately seen or approached by natural
locomotion) and given in the object-centered lramcs (e.g.. the distinct front
and back of those objects). The liniitation to the usefulness of this dimein-
sion is that. in the egocentric frame, front/back changes with the orientation
of the observer relative to an object while, in the object-centered f'rallme, it
depends on the presence of a natural front and back to the object.
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Rather than being an unwanted complication, the presence of more than
otie reference frame may be a prerequisite for nuvigation. The key to
navigational awareness is a comparison and verification process: Am I (ego
frame) where I should be (world frame)'? When these two reprcscntations
map onto each other, geographic orientation is maintained. visible objects
correspond to those that are expected to be in a particular location in the
world. When they do not, disorientation will result, which is a potentially
disastrous condition during any combat mission.

For example, Wickens (1989a, 1989b), in his discussion of the multidi-
mensionality of navigational performance, suggested that spatial awareness
(one category of navigation performance) is based on the congruence be-
tween the ego and world frames of reference, The navigator attempts to
maintain congruence between his position and orientation in a world framie
specified by a physical or cognitive map (see Tolman, 1948, f'or a discus-
sion of cognitive maps) and what he cun see in his ego frame (e,g,, his
forward field of view), The cognitive representation, which is normally
derived from earlier map study and verbal reports, may he stored as a
spatial representation (cognitive map) or as a route list (a serial list of
verbal descriptors, such as "follow the right fork of the river for three miles
then turn west"), The congruence model states that two views, or frames.
are congruent if two pairs of points can be brought into a one-to-one rela-
tionship (see Maxwell. 1975, for the mathematical formalization of the con-
gruence concept), In the present %use, this means that a person is oriented if
he can match two points visible in the scene with two points on a physical
or cognitive map.

Although both frames of reference are compared to maintain spatial
orientation, they lend to ,erve rather different functions,. For example, we
use the world frame it) convey compass heading and cardinal directions
(north, east, south, anC west), while we use the ego fraeni to convey relative
bearing (right. leMI, frmnt, and hack) and clock dir'ction (e.g.. aircral't at a
2:0)0 hearing) when verbally communicat ing. Similarly, in the control til
locomotion we teild to use the ego framie to characterize the more dynanlic.
"tiner-loop" variables related to vehicle 'ontrol (pitch. roll, and yaw) Wlld
obstacle avoidance;, we use the world frame to characterize the control of
more slowly thanging "outer- loop" variables (position relative to large-
scale terrain 'eatures),

Reference Fraite Comparisons

Shepard and |lurwit z (1984), in a study of mental rotation during route
following, found that reaction time increased significantly Lis the route that
was followed departed from an up/down map direction. Tlhey suggested
that a coam pen satory nlenat1aI rotation of tlie egocentric Vraine at t'refe, aenc
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was performed in order to judge the direction of turns as the route deviated
to the left or right.

Two forms of spatial rotation are required for navigation: (1) Physi-
cally rotating a map, or its mental representation, so as to keep the depicted
or imagined direction of travel always pointing directly away from the map
reader; a track-up orientation. This horizontal rotation may be accomplished
by physically rotating a paper map to a track-up orientation or by mentally
rotating a map that was stored in a north-up orientation. (2) Mentally
rotating a two-dimensional plan view of the environment that is perpendicu-
lar to the line of sight to yield an imagined perspective view. This forward
mental rotation is used to compare a mental image with the perspective
forward field of view. Evidence for the reality of these mental rotations can
also be found in studies by Aretz (1988); Cooper and Shepard (1973); Shepard
and Metzler (1971); Eley (1988); Evans and Pesdick (1980); Harwood (1989);
Hintzman et al. (1981); Levine (1982); Shepard and Hurwitz (1984); and
Shell (1987), Each type of rotation requires time, and the processes seems
to be additive.

These studies have shown that the time needed to visually compare two
stimuli increases linearly with the angular misalignment between their ori
entations, Aretz (1991) found that the time required to mentally rotate a
map to bring it into alignment with the external scene increased from 3.7 to
4,2 seconds as the difference in orientation increased from 0 to 180 degrees
in a helicopter flight simulation.

If one considers this rotation effect it, twrms of a static environment, the
milliseconds required to perform this task seem insignificant. However,
when considered in the context of a real-world dynamic navigational task,
where object and scene recognitio3n is a continuous process, the magnitude
of this time-consuming process becomes evident and the greater time de-
mands are also more likely to cause errors.

Biases in Geographic Memory

A mentally generated scene used for comparison with a forward tield of
view may be stored in memory. Typically, it is derived from map study
prior to the start of a mission, However, it has been found that figures
(such as symbols or icons on a map), especially those with odd shapes, are
difficult to orient in mental space, Therefore, heuristics (rules of thumb)
may be adopted to facilitate the coding and retrieval of the spatial orienta-
tion and location of these figures. Prin,;iples of perceptual organization
suggest that people use twG such heuristics, rotation and alignment, and that
both lead to subtle, but important, biases.

When it is difficult to remember the exact positions or rotations of



GEOGRAPHIC ORIEINTATION 177

figures, either or both of these principles of perceptual organization (i.e.,
rotation and alignment) may be invoked for anchoring figures in frames or
shapes in space. When the rotation heuristic is applied, the natural axes of
a figure and the axes of its frame of reference converge. When the align-
ment heuristic is applied, two or more nearby figures group together.

As a consequence of invoking the rotation heuristic, people tend to
remember figures as being more rotated in memory such that their primary
axes are, oriented so as to be similar to the principle axes of the reference
fi'ame (Braine, 1978), Since vertical and horizontal are natural axes for
describing both figure and frame in sensation, pe" tption, and language,
these are the most likely candidates for rotation (Rock, 1974). Thus, invok-
ing the rotation heuristic will generally result in figures being remembered
as being more vertical or more hurizontal than they actually were.

Alignment is related to the phenomenon of perceptual grouping. AM; a
consequence of invoking the alignment heuristic, people tend to remember
figures that gravitate toward a simpler structural grouping than they actu-
ally possessed. When this heuristic is invoked, arrays of figures are remem-
bered as being moie orderly or aligned than they were, What is remem-
bered, then, is a comprcmise between the actual stimulus pattern and a more
regular, easily remembered pattern (Gogel, 1978).

These heuristics may be invoked during the formation or e!ncoding of
representations of the visual world, during the storage of these representa-
tions, as well as in the later use of these representations. They are approxi-
marion techniques that facilitate memory, but at the expense of distortions
of locations and orientations. The heuristics may also allow inferences
when information is incomplete, for instance, when comparisons are made
across regions that have not been stored together. In these cases, best
guesses must be made about relative orientation or ,lignments of stored
representations. For example, Tveesky (1981) found that these biases af-
fected performance in map reproduction, recall, and recognition memory
and that they were adopted in storage, when spatial positions were difficult
to encode, as well us in inferences to fill in gaps of knowledge. Tversky
presented evidence for systematic distortions in memory for real-world maps,
artificial maps, local environments, and visual forms. For all of these di-
verse stimuli, the distortions have tht same characieristics reflek:ting align-
ment and grouping heuristics. For example, the position of stars is remem-
bered by aligning them with one another to form meaningful structures O.e,,
constellations),

The alignment and rotation heuristics have been demonstrated in the
way people remember familiar, naturally occurring stimuli, as well as for
new information acquired from artificial stimuli (Palmer. 1980), They have
been demonstrated for information acquired fri-m artificiai navigation (e.g.,
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path following in a laboratory study) of environments, information acquired
from man~s for visual forms, as well as geographic entities (Stevens and
Coupe., 1978).

Particularly important for navigation is the finding that spatially ex-
tended stimuli (e.g., highways and mountains) induce their own axes in the
normal course of perception (Braine, 1978; Howard and Templeton, 1966;
Rock, 1974). These coordinate axes, whi,2h oan serve as an induced con.
tairter frame, may interact with object-centered reference frames. This causes
the container axes and the object axes to appear, or be imagined, to be in
greater alignment than they actually are. For example, during a recent field
study, emergency medical services (EMS) helicopter pilots were asked to
"draw maps of their service areas. Their maps depicttd highways that gener-
ally parallel uorwtw&;6t to southeast mountain ranges as straight lines (Batti&,•
et al., 1989). The east and west ranges of hills in the San Francisco Bay
area serve as a contniner for this area, thus spatially extended stimuli (high-
ways, powerlines, etc.) are remembered as being more aligned with these
hills, than they actually are, But this does not affect their ability to perform
required piloting tusks,

Hierarchical anchoring is another important heuristic that people use to
help them remember geographic information. For example, Stevens and
Coupe (1978) presented evidence that people remember the position of large
geographic units, such as states, remember which cities belong to which
states, and then use the location of the state to remember the locations of
the cities. However, systematic distortions may result from using this strat-
egy. For example, subjects report that Reno is farther east than San Diego.
However, comparing these two cities on a map, one can easily determine
that Reno is the more westerly city, This occurs because the state of Nevada is
thought to he east of California, Since Reno is a city in Nevada, it is thought
to be east of any city in California. Thus, this heuristic makes it difficult te
directly compare locations nested within different higher-order Units.

While 'l'versky ( 19 81) presented evidence for systematic distortions iln
remembered location and orientation, other researchers haivo dtcronsit'atwd
systematic distortions of distance relations tuntng elements, Thus, two
points are judged to be closer when they are within the santo object or
contour (container frames) than when they atre in different objects or con-
tours (container frames) (Coren and Girgus, 1980). For extimple, a distance
within a large city would he judged closer than an equal distance between
two cities,

Reference points also affect distance judgments. Distances between
objects and a point of reference that is near are overestinated, while dis-
tances between objects and a point of reference that is distant are underesti-
mated. That is, spatial discrimination is greater vwhen closer to a point of
reference.

~_4
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Reference points can also induce asymmetry in distance judgments.
Ordinarily, places and landmarks (i.e., important points of reference) are
judged to be closer when places are compared with landmarks than when
landmarks are compared with places (Sadalta et al., 1980). That is, when
proceeding toward a landmark from a place, the distance would be judged
closer than when proceeding from the landmark to a place, Thus, reference
points and figural properties also affect how spatial knowledge is organized
in memory and yield systematic errors in distance judgments.

The problem of remembering spatial locations of figures is similar to
the problem of remembering the order of a list of verbal items; for both.
structure promotes memory but may induce distortions. Whether or not
these biases exert significant influence on the absolute recognition proce-
dure employed in a navigational task is unclear. For example, would a tank
commander or a locomotive conductor become confused if the viewed cur-
vature of a mountain is greater than the simplified (i.e., straightened) men-
tal representation of the mountain?

Another potential distortion is ;elated to the i.ay people forget particu-
lar image features that might be used for object comparisons. An assump-
tion made by some researchers in this area, which is supported by pilot
interviews, is that during map study, people imagine a three-dimensional
representation of a feature depicted on two-dimensional maps. These three-
dimensional images are later remembered for comparison with their view of
the "outside" scene (Eley, 1988), Do people, during map study, imagine
three-dimensional forms for comparison with their forward field of view'?
Do they forget these distinctive shapes when comparing their mental repre-
sentation to the actual figure?' Flow well is seasonally variable ground or
vegetation texture imagined when studying a map, and how much of this
detail is reniciihercd?

Biederman - 0987) work on the basic components of object recogni-
tion may p)lvidle a useful framework for understanding landmark memory
and forgetting. Also relevant here is the fact that memory of object shapes
tends to be biased toward the symmetrical representation, as mnentitned
earlier.

Language

As studies in the field of lir~guistic, (Fillmore, 1968) and psycholinguistic:s
(('lark. 1973) make ;lear, the fundamental spatial facts of tlhe world are
reflected not only in our perceptual and cognitive structures, but also in the
way we talk about the world. For cý,ainple. there is considerable evidence
suggesting that the primacy of the up/down dimension affects ilt only how
we see and think about the world, but also the very words we use to talk
about the world.
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With regard to language, children learn and successfully use terms per-
taining to up, down, front, and back long before they master terms pertain-
ing to left and right or to north, east, south, and west, Also, the terms up
and down are universally used to refer to any directions in the horizontal
plane (e.g., he traveled up North, they went down South, "he walked up to
the front of the room," "they walked down the street together").

Clark (1973) also noted the significance of referring to the direction of
the reference object as up (e.g., they climbed up to the top), suggesting that
things above the ground plane are more accessible than things that are
below. Therefore, the upward direction seems to cognitively dominate the
downward direction,

As global navigation grew in importance and with the invention of the
magnetic compass, the unique poles of the earth became more appropriate,
accessible, and invariant reference points, And since most of the global
navigators and map makers came from the northern hemisphere, the asso-
ciation between spatial proximity and the absence of linguistic markings
would favor the north pole as the reference point for up. These reasons can
somewhat explain why the direction of north has come to mean up in navi-
gation and communication among navigators, and also why north is conven-
tionally oriented at the top of maps,

In a simple universe, with only one natural frame of reference (egocen-
tric frame), one might not have a need to imagine rotations in space. How-
ever, our daily world, and the world of pilots and tank crews, coordinating
with each other and with fixed bases on the ground, are greatly complicated
by the fact that people who must coordinate their activities may occupy
many different ego frames of reference over time (as a result of locomotion)
and space (there may be more than one tnoving observer), Thus, as two
vehicles move independently about a common terrain, the relations between
the principal direCLtions of' each frame constantly change. Although the
upward vertical direction remains aligned across all of these frames (ego-
centric, object, and container), what was on the "right" may move to the
"left" (if the viewer moves) or what is on the right for one observer may be
on the left for another because it is perceived from a different vantage
point. Mental rotation!; of perceived and expected scenes or placing our-
selves in the perspective of another may facilitate anticipation, planning,
and communication in such a world.

Timing

While orientation in space is an important issue addressed by the con-
cept of frame of rcfcrence, the equally important issue of orientation in time
is not. Many aspects of the tank commander's duties involve timing: arriv-
ing at initial battlc p-:ition on schedule, crr" ine way points on time. and
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coordinating arrival times with other teams. It is the tank commander's
responsibility to monitor the passage of time during maneuvers. Although
most commanders wear watches, continuous monitoring is not possible be-
cause other tasks require their attention. Thus, temporal orientation in-
volves more than whether or not the tank commander has a watch.

How do people maintain temporal orientation? Gibson (1968) argues
that there is no such thing as the perception of time, but only the perception
of events and surfaces. Events, in particular locomotion, do not occur in
space but in the medium of an environment that is rigid and permanent.
Gibson argues that abstract space is a "ghost" of the surface world, and that
time is a ghost of the events of the world. Following his logic, it is rIt
difficult to understand that humans are not very astute time estimators.
However, humans are very good at perceiving events. Pilots, during low-
level flight, know when to start looking for features in the terrain that they
plan to use as orienting landmarks. Typically, when clocks are not used,
pilots' estimates of clock time are based on relative distances and speeds of
travel. This method of keeping track of time (e.g., tracking physical events)
is very different from keeping track of clock time.

There is considerable support for Gibson's belief that time is a ghost
abstracted from event structure. For example, Hart (1978) obtained evi-
dence suggesting that people do not perceive time directly but employ strat-
egies for monitoring its passage. She used subjective time estimates as
indices of workload and found that commercial airline pilots' abilities to
actively keep track of time varied as a function of the demands of other
flight-related duties. When pilots were asked to estimate 10-second inter-
vals, Hart found that the estimates increased from about 10 seconds with no
competing activity to 14 seconds in the presence of a difficult concurrent
tracking task. She also found that the variability of their estimates in-
creased with higher task demands. Hart asserted that, as task demands
increased, there is less attention available for active time estimation. Simi-
lar results were obtained during a simulation conducted at Wright Patterson
Air Force Base (running, 1978),

During the active mode of time estimation, there are many timekeeping
techniques: tapping, counting (both aloud or silently), using remembered
events, counting heartbeats, etc, These methods are used to fix an individual's
attention on the passage of time and makes the process more concrete.
However, these externalized methods are easily disrupted by more compel-
ling activities and are impractical in an operational situation.

In response to the problem of estimating time under very high levels of
workload, Hart suggested that people seem to switch from an active produc-
tion mode to a "retrospective mode" of time estimation. With retrospective
estimation, people use the number of events that occur during an interval us
a measure of the amount of time in that interval. In her study, Hart found
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that extreme levels of workload began to yield produced durations that were
less than the 10-second interval. This is predicted by her model for high-
workload situations in which the number of task events per unit inme is
high. And she obtained reports consistent with this model durir..', tter i'
with the pilots; time seemed to pass quickly when they were vwry , y and
slowly when they were not-a feeling we have all experienced. ' he pilots
in Hart's study also were aware that they made consistent errors of csrima.
tion under conditions of high workload.

Hutchins (1983), during his cross-cultural studies of the Island Naviga-
tors of the South Pacific, found that these navigators also used the passage
of events (star points relative to a reference island) to estimate trip duration,
time of arrival at way points, and arrival time at the destination island, The
results from Hart's laboratory, simulation studies, and Hutchins' field stud-
ies would seem to support Gibson's assertion that we do not, or cannot,
actively keep track of time directly, but that we track events that provide
estimates of time. The implications of the workload-related biases in time
estimation for navigation are direct. To the extent that the expectancies for
landmarks along a route are based on the passage of time when traveling at
a given speed, then time estimation errors can distort the sense of when
landmarks may be expected, Depending on how time estimation is dis-
torted, landmarks may be expected too early, yielding a premature sense of
lostness, or too late, creating the possibility that a landmark would be over-
looked if it was passed before It was expected.

Mental Models of Navigational Tasks

Since there are many ways to solve a complex problem, the solutions
most likely to occur to a researcher are those that arise from the traditional
assumptions oa' his or her own culture. Hutchins's (1993) chapter on Micronesian
navigation shows how easily such cultural biases can mislcad an "unbiased"
observer, and how convincing an inaccurate explanation cin he to the for-
mulator, even in the face of relatively serious anomalies. ' 'hat we want to
do is not model how a scientist conceptualizes a task. b rather how real
problem solvers conceptualize the tusk. In doing this, wc need to identify
how the task is actually solved and the internal processes that are employed.
It is necessary to determine how the problem solver defines the task, the set
of operations used to operate on his or her representation of the task, and
how these relate to the set of operations required in the world, Then we
may ask the question: How could one operate on that representation to
produce the decisions required to accomplish the task? For example, the
Island navigators in Hutchins' chapter use a mental image it a reference
island moving along a defined track (defined by a mental star map) to
determine their exact location along a route between two islands.
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The task of terrain navigation as performed by helicopter pilots (during
low-level and nap-of-the-the-earth, NOE. flight) and tank commanders more
closely approximates that of the Polynesian navigator, the Eskimo. and the
Touareg nomads, thau that of a typical ship or aircraft navigator. The
helicopter pilot and tank commander, like the Micronesian navigators, must
determine and update their position in the world by discriminating, inter-
preting, and organizing subtle terrain distinctions in an environment that
appears to be uniform.

Wickens (1989a, 1989b) proposed a model of navigation to explain the
way cognitive models are developed and used for navigation by helicopter
pilots in NOE or contotir flight conditions. He reported that there is little
information in the form of a well-developed model that directly pertains to
the task of navigation when surrounded by terrain. Hence, the model he
proposed consists cf components derived from research in the area of visual
perception and spatial cognition, coupled with information gained by con-
sultation with operational pilots,

The components of the model are presented in Figure 7,1, which pro-
vides an integrated framework for the information that preceded this section
and can be used to integrate the tank commander's task for the consider-
ation of workload transition, Through the use of this model, which seems
to capture both the dynamics and the components of the navigational task,
experiments can be designed to address the fundamental characteristics of
the navigational task,

In such a model, a key component is the need for the navigator to
compare the perceptual view of the world, which is ego-referenced and
shown in the lower right of the figure, with more abstract goals and expec-
tations of where one should be, The latter are often expressed in a world
frame of reference (e~g., "I should be heading northwest"), The mental
transformations necessary to compare the two representations (e.g.. "Am I
where I should be'?") are shown at the bottom. These may take timne and
mental effort and be subject to error, Furthermore, the navigation process
may depend on long-term memory and geography, whose distortions were
discussed above, as well as working memory, whose demands impose a
major source of workload.

GEOGRAPHIC ORIENTATION: TANKS AND HELICOPTERS

Since little research exists on tank lavigation, this review borrows heavily
from research experience in rotorcraft operation, a system that is in many
respects analogous to the tank. An indepth analysis of navigational seg-
ments of different types of vehicles (i.e., automobiles, fixed- and rotuty-
wing aircraft, and tanks) reveals that the navigational demands of the tank
and the helicopter have far m.ire in common with each other than with their
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corresponding ground and airborne counterparts (automobiles and fixed-
wing aircraft, respectively). For example, both fixed- wing pilots aiWd auto-
mobile drivers typically follow paths with tight lateral constraints-high-
ways and roads for the automobile driver and airways or preselected courses
for the fixed-wing pilot, The automobile driver and fixed-wing aircraft
pilot can usually follow their selected route with little regard for surround-
ing terrain features, in marked contrast to the tank driver and rotorcraft pilot
(during low-level flight), who mirst use surrounding terrain features to iden-
tify the route to be followed, Hence, we now consider the common features
of the navigational problems presented by these two systems.

Tank crews and the pilots of military or civilian helicopters flying at
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very low altitudes are faced with a challenging situation. They operate so
close to the ground that local terrain features may obscure their view of
significant landmarks, thus reducing their visual range and making it diffi-
cult to relate local terrain features in a more global context. Often, tanks
and helicopters move freely through terrain, without an explicit, visible or
electronic, route to follow. While there are many degrees of freedom in this
environment (tank and helicopter crews are not limited to roads or elec-
tronic routes as are automobiles and fixed-wing aircraft flying typical cross-
country routes), it is more difficult to maintain the desired course, and
natural and artificial obstacles pose a very real threat, In this environment,
helicopter and tank crews must correlate cues viewed in the external scene
with information on paper maps to maintain geographic orientation, avoid
obstacles, and maintain their course. Instruments that provide pilots with
information about speed and altitude are relatively inaccurate at low alti-
tudes and slow speeds, and electronic aids are intermittent at best, because
they require line-of-site with the source to work properly. There arc no
instruments in tanks to aid in geographic orientation.

Before a mission, helicopter and tank crews study maps of the environ-
ment in which they will operate to select a route that offers the most direct
path to their destination (given terrain contours, obstacles, etc.). distinctive
visual cues (to aid in geographic orientation), and cover (if there is an
enemy threat). They select specific features that they will use during the
mission to verify their location and identify choice points (e.g., intersec-
tions of rivers, hilltops, clearings, groves of trees). They might identify
linear features that can provide a visible "route" to follow (e.g.. ridge lines,
river valleys). However, military crews generally do not select constructed
structures for reference (things change) and avoid following roads (the en-
emy threat Is greater there).

Tank and helicopter crews incorporate the available information into a
cognitive model or mental map of the environment through which they will
travel. The mental representation might be spatial-a mental ;mage of the
map (a plan view) or a series of perspective mental images of how signifi-
cant features in the environment are likely to look when viewed from the
cockpit of a helicopter or turret of a tank (a forward view). Alternatively,
they may store this information as a route list-a series of verbal commands
(e.g., "travel down the valley for two miles then bear right") or descriptions
(e.g., "follow the creek that runs beside the cliff"') that are remembered and
executed during the mission.

During a mission, helicopter or tank crews view features in the external
scene and compare them to a paper map or their mental images. They must
mentally transform the stylized images on two-dimensional maps into men-
tal images, which represent a perspective view of the object, which is ro-
tated into alignment with the forward held of view, for comparison with the
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external scene. If they continue to see expected features on time and in the
correct order, they know where they are; viblk terrain features correspond
with their expectations and they can correlate their position with a location
on the map. When they pass a distinctive feature (e.g., a water tank de-
picted on their map) or an intersection of linear features (e.g,. two ridge
lines intersecting), then they know precisely where they are. However, itf a
single landmark is symmetrical, they may know generally where they are
(e.g., approximately two miles from a water tower), but not their precise
position (e.g., approximately two miles west of the water tower) or their
direction of travel. In this case, they may look for a second reference point,
check the compass, look at the sun, or infer direction from previous cues.
When using a ridge line that extends for some distance as a geographic
reference, a crew kne ,vs only that they are traveling in the correct direction,
but not their precise location.

Depending ou the familiarity of the terrain, the availability of distinc-
tive features, and the quality of premission planning, maintaining a route
may be relatively easy or very difficult. For example, when a crew must
rely on subtle variations in terrain to judge location, it may be extremely
difficult to relate the visible features in the forward scene to contour lines
on the map. This task is particularly difficult if surface contours are masked
by vegetation. Furthermore, the appearance of terrain and vegetation varies
seasonally and from one region to another, requiring adaptation and infer-
ence. There may be considerable ambiguity about whether a particular
feature is, in fact, the one a crew expects to see or the specific feature
depicted on the m'ip.

As the time between landmarks increases, uncertainty about current
position may increase if additional cues are not available for the crew to
verify that they are, in fact, where they think they are. At some point, the
crew will begin to look for the next expected landmark. If it does not
appear by the expected time, the crew may begin to consider the poý;sibility
that they are lost. If a feature that is sinmilir to their ,.-xpect:uiions appears,
the crew may identify it as the expected feature. If it is not, it may take
some time before they accept the growing evidence that they arc not where
they are supposed to be. At this point, the crcw must take action to reestab-
lish their position. A helicopter pilot might gain altitude or a tank com-
niander drive to the top of a hill to finid a distinctive landmark. If this is not
possible. the crew may carefully survey the surrounding terrain and try to
find a pattern of features on theii map that corresponds to what they see.
However, it is much more difficult to find a patter" somewhere oin a map
that corresponds to the forward scene than to verify that a visible feature is
where it is suppused to be relative to the vehicle, Alternatively, they may
try to retrace their path until they find a familiar landmark. Howev nr the
mental lpreparation performed before the mission wil! K of little help here,
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as terrain features and relationships will not correspond in the expected
sequence.

Thus, maintaining geographic orientation reqluires helicopter and tank
crews to continuously correlate the visual scene with the map. To do this,
they must accurately estimate their speed and distance traveled. Estimates
of when to begin looking for a landmark, when a choice point has been
missed, or what features should be visible at any point in time are based on
subjective estimates of the distance traveled and time elapsed since the last
known location.

When operating at night, tank and helicopter crews rely on night vision
devices (that intensify light or display infrared imagery) to provide them
with information about the external scene. Although they could not perform
required missions as well without these devices, their use imposes consider-
able additional load on the pilots: field of view is limited, acuity is re-
duced, depth cues are distorted, subtle textures necessary to identify a par-
ticular feature may be missing, and objects or terrain features may look
very different than expected. Furthermore, greater navigational precision is
required at night-, obstacles that can be seen and avoiued during the day may
be invisible at night. Thus, pilots iely on maps to spot potential obstacles,
However. this information is useful only if they know exactly where they
are. For these reasons. maintaining geographic orientation becomes signifi-
cantly more difficult, and overall performance capabilities may be reduced.
For example, pilots are more likely to fly slower and higher at night, and
over sand, where texture supporting accurate distance estimation is absent.

In tanks and helicopters, crew members communicate with each other
through an intercom system (high anbient noise levels and physical barri-
ers, in some cases, preclude direct conversations) and with other helicop-
ters, ground personnel, etc., through radios. Navigational and geographic
orientation information is usually conveyed verbally, although crew mcire
hers may use gestures as well (e.g.. point to features in the environnlelit or
on a map). In helicopter nap-of-the-earth flight. navigation iiiay take as
much as 90 percent of the navigator•s time, and communuications botween
the pilot and navigator about navigation, 25 percent of both pilots' time.
Army aviators use 1:50,00)0 scale maps that depict terrain contours, (e.g.,
hills and valleys), vegetation (e.g., fields and groves of trees), bodies of
water (e.g.. rivers, streams, and ponds), and sor:: cultural features (e.g.,
roads, buildings, bridges, water tanks, and towers). During premissioi planning,
helicopter or tank crews plot their route on the map. identify critical choice
points, and select additional features that they will usc to verify their posi-
tion. In fligla, the navigator follows the route of flight on the map, giviig
the pilot verbal cues about what lie should see, when lie should begin or end
a turn. and potential obstacles In addition, the navigator scans cockpit
instruments, verbalizing relevant information to thc pilot. The pilot gener-
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ally keeps his eyes focused outside the cockpit, telling the navigator what
he sees in the wxternal scene and verifying that he does (or does not) see
specific landmarks described by the navigator. In a tank, the commander is
responsible for navigation, passing verbal steering commands to the driver,
particularly when the tank is buttoned up because the driver's field of view
is too restricted to maintain geographic orientation.

Helicopter or tank crews use or mix a number of different frames of
reference when exchanging information among themselves or transmitting
to another vehicle: (I) ego-reference/spatial (e.g., a landmark is in front, to
the right, or to the left uf the pilot; the driver should turn right or left); (2)
ego-reference/clock position (e.g., a feature is at the observer's or recipient's
2 o'clock position); or (3) world-reference/compass heading (e.g., the pilot
should look for a stream running rorth-south', an enemy tank is located 5
miles northwest of a friendly tank; another vehicle should turn 20 degrees
to maintain a new heading of 280 degrees).

Ego-referenced directions are the easiest to process (Aretz, 1990); th'y
require minimal mental transformation or interpretation. Clock positions
are less intuitive!y obvious than right/left directions, although they provide
moru precise information. However, clock position may be ambiguous if
the sender's and receiver's points of reference (i.e., head position) are sig-
nificantly different. Furthermore, extracting spatial information given in a
verbal form may require additionai mental transformations. When giving
ego-referenced directions, the originator of the message must mentally project
himself into the point of view of the intended recipient, an activity that
imposes additional cognitive demands and is subject to error. In both the
tank and helicopter environment, the reference frame problem is compounded
because the direction of travel of the vehicle may not correspond to the
direction the operator is facing.

Spatial infoimation that is world-referenced (i.e., to a numeric or verbal
compass position) is more precise than otner forms and does not r.quire
that the sender or recipient project themselves into another's ego-reference.
However, stecring commands referenced to compass position presuppose
that the recipient knows the current heading. In helicopters, the pilot re-
sponsible for flying may have no idea what his current heading is because
he is focusing on the external scene, rather than on the instruments. Thus, a
flight navigator might couple an ego-referenced command (e.g., turn right)
that requires minimal mental transformation with a world-referenced modi-
fier to.g., turn right; now you're heading due west) to improve the pilot's
orientation. In tanks, there is no compass on the instrumcnt panel, and the
metai body of the tank interferes with the accuracy of hand-held compasses.
Therefore, compass headings are not used for steering commands 'n tanks.

In addition to the problems associated with the use of different refer
ence systems, tank and helicopter crews often operate in unfamiliar envi-
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roninents in which crew members do not share a common knowledge base
about the names and appearance of significant landmarks. Thus, informa-
tion about these landmarks must be transferred on the basis of their physical
appeaance (e.g., a small round pond, a dry river bed, a saddle-back hill),
rather than by unambiguous names (e.g., Jones' farm, White Mountain,
Route 50). Given the potential differences in personal experience. descrip-
ti\ e terms may have very different meanings for different crew members.
For example, what looks like a pond to one may look like a lake to another.
A 500-foot hill may look like a mountain to a midwesterner, but a person
from Colorado would describe it as a small hill, and so on, Furthermore,
lack of familiarity with local vegetation may make the description process
particularly difficult; it is easier to identify a grove of trees by name than by
physical appearance.

The preceding description of navigational demands of tanks and heli-
copters can also be interpreted within the more theoretical framework of
research on geogiaphic orientation. In the following section we employ this
framework to introduce laboratory research results that have implications
for navigational performance in armored vehicles.

NAVIGATION AND WORKLOAD TRANSITION

When people travel long distances over indistinctive terrain, they often
either physically mark the terrain or mentally accentuate whatever distinc-
tive features they can find in the environment (Lynch, 1960). Helicopter
pilots and tank commanders during premission planning use both object and
container reference systems, On a map, which is usually oriented north-up.
distinctive objects (terrain features) are selected to delineate a planned route
to the destination and to identify features or objects that will serve as ori-
enting stimuli for different route segments. Additional large-scale features,
usually linear (e.g., a mountain, valley, or tree line) are selected to contain
tte mission area, During the mission, the tank commander or helicopter
pilot will use all three frames of reference--ego. object, and container. The
ego reference system, the most proximal, is used for local course guidance
(e.g., keeping the vehicle moving toward the goal) and obstacle avoidance;
hence, it is particularly relevant for communications with the driver, The
object reference system, a less proximal system, is used to identify current
location and general course guidance (direction of travel) to the next object
or waypoint. Finally, the container, a more distal reference system, is used
to determine the degree of lostness (e.g., when the container boundary is
reached prior to a planned location or waypoint, the tank commander is no
longer sure of their precise position).

Hclicopte!r pilots and tank cotnmander• use both object and container
reference systems during the planning and execution of their missions. The
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object reference system is used to plot a planned route through an area. The
container reference system is used to determine the mission boundaries.
During the mission, the object reference system is used to determine exact
position to maintain geographic orientation. The container reference system
is used to determine the degree of lostness (e.g., whether they have gone
past a location that they had planned to use as a waypoint or location fix
and are now no longer sure where they are).

Multiple refere -ce systems can provide a tank commander with flex-
ibility. To the extent that environmental conditions (battlefield conditions)
vary, a tank commander must invoke different strategies to accommodate
this variability.

The Premisslon Phase

During the premission phase, the tank commander is assigned an area
of responsibility and battle mission objective. He has to develop a mental
model of the area where the battle will be joined. This model includes
memorizing the area based on maps (north-up) and verbal reports given by
the battalion staff intelligence officer. From these reports, the tank com-
mander must develop a plan of attack. This plan consists of a spatial
representation of the terrain and the locations of all friendly and known
enemy positions, From this spatial representation (usually developed as
overlays on a map), the tank commander must select a route to his team's
initial battle position and on to the final objective. While selecting the
route, waypoints will be selected to break the route into segments. These
distinctive features allow the tank crew to periodically update their knowl-
edge of where they are (so they will not go too far in the wrong direction),
recognize points where course changes will be made, and compare planned
versus actual time taken to move between points (to stay on schedule). This
plan is developed iii conjunction with or communicated to battalion head-
quarters; and platoon commanders. The workload during this phase of the
mission depends on the amount of time available to accomplish these tasks
and the quality of information available. The planning phase is informa-
tion-intensive. In developing a mental model of the mission area, the tank
commander might mentally rotate the north-up map into a track-up pcispec-
tive to visualize the route and to brief the platoon commanders. In conmmu-
nicating the plan to battalion headquarters, it is likely to be expressed in
polar coordinates with reference to a north-up map. so the plan can be
correlated with that of other teamis. However, in communicating the plan to
ple,'oon commanders, the information is likely to be expressed from an ego-
centric perspective: first platoon will be on my right, second platoon to my
left, etc.

During ,he planning phase of a mission, the tank commander's workload
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is driven primarily by the difficulties of incorporating vast quantities of
information, both verbal and spatial, into a spatial (cognitive or paper) map.
Aretz (1990), in his study of spatial cognition and navigation, found that
map complexity accounted for most (7 percent) of the explained variance in
the task. Thus, as map complexity increases, so does processing time and
workload. Also, the need to mentally rotate different map frames to com-
municate information both up and down the chain of command would affect
workload.

The Operational Phase

During the operational phase, the tank commander must move his forces
from their current location to their initial fighting position. He must con-
tinually correlate his position in the world (forward field of view) with his
map route (world view) to maintain geographic orientation. This is accom-
plishied by orienting the map to correspond to the direction of movement
(track-up) to align the two frames of reference. During this phase, time
estimation is very important for determining when objects or features in the
terrain, which are used to confirm geographic orientation, should appear.
Also, the tank commander must update his estimated time of arrival (ETA)
at the initial fighting position based on his estimate of how far he has gone
and how long it is likely to take to cover the area remaining. This may be
critical, if the initial engagement time must be coordinated with other teams.

Transition From Rear Staging Position to Initial Fighting Position

The accuracy with which a tank commander must know his team's
position during the move to the initial point depends on the proximity of
other friendly and enemy positions and the degree to which a precise transi-
tion to the initial fighting position is critical to mission success. That is. if
the team is trying to stay masked during the transition, then required accu-
racy could be very high; if surrounded by enemy forces, maintaining a route
designed to maintain cover is critically important. During this phase. com-
munications between the tank commander and either platoon or battalion
commanders would be very different. For instance, situation reports to
battalion headquarters would be given in terms of polar coordinates (world
view), while reports from each platoon commander might be given from an
ego-centric view (right/left, front/back, or clock positions) of each tank. In
the latter cau.e, the tank commander must integrate information from each
ego-centered perspective to form a coherent picture of the entire situation
into a single frame of reference.

The workload during this phase of the mission is likely to be moder-
ately high. The tank commander must perform multiple tasks, in parallel
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and serially: (1) continuously determine his own position and the relative
position of members of his team, othetr teams, enemy forces, and his objec-
tive; (2) estimate and update the time between waypoints and his ETA at the
initial fighting position; (3) communicate his own and other positions up
the chain of command; and (4) communicate route and mission changes
down the ch.'.n of command. The difficulty of these activities is deter-
mined by the speed at which the situation unfolds, the degree to which it
unfolds according to plan, the availability of salient cues to maintain orien-
tation, and, most critically, the positional accuracy demanded by mission
rimquirements. The amount of time and effort spent in acquiring geographic
knowledge of terrain during the premission phase is also relevant, as this
infornmation is unlikely to change during the course of the battle and pro-
vides the basic context within which other dynamic events occur.

The Preengagement Phase

Upon arrival at the initial battle position, particularly if the mission
calls for immediate engagement, the degree to which previous phases have
been completed successfully (e.g., the planning phase and the transition to
the initial position) influences the workload experienced during the battle
phase. If the team has successfully completed the previous phases, the
battle plan could be implemented without further changes. Thus, workload
during this phase would be drivei by the accuracy of estimates of enemy
strength and the degree to which the tank commander's plan took them into
account. If the team arrived late, or at the wrong location, the workload
during this phase could be very high. In addition to coordinating his team's
actual position with other teams, the tank commander may also have to
coordinate with infantry an'J artillery units (to develop a revised plan). This
might require extensive conmumunications using different map frames of ref-
erence. Even if the tank commander executed the first part of the plan
correctly, he may have to develop a new battle plan in response to the
environment (terrain, time of arrival-day or night, enemy activity, etc.) or
to a change in the mission, His communications load during the develop-
ment of a new plan would be very high: it must be transmitted both up and
down the chain of command.

During a battle, maintaining geographic orientation is critical to the
identification of friendly for-.es and enemy targets. If artillery or close air
support is needed, the tank commander, through his fire support officer.
would determine where and how much artillery or close air support is re-
quired, in relation to their current position, Again, this requires a transla-
tion between a world view (artillery and close air support) and the egocen-
tric view (tank commander and fire support officer), Since tie commander's
tank, and those of his team, are in the battle area, accurate estimates of
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friendly and enemy positions and accurate communication of those posi-
tions are critical to survival.

The Post-Mission Phase

Whether the battle is won or lost, situation and logistics reports must be
compiled. First, the tank commander must assess his team, their position in
relation to the battle plan, their losses in equipment and men, etc. The
verbal reports from individual tank and platoon commanders must be corre-
lated with a map of the area. When receiving reports, the tank commander
may orient his map either track-up or north-up. Orienting the map to corre-
spond to the frame of reference of each reporter might facilitate interpreting
the (ego-centric) communications of team members (e.g., the platoon on the
right reports that the enemy forces at their 3 o'clock position have been
eliminated, etc.). A north-up perspective (i.e., the world view) would facili-
tate communication up the chain of command, wherein the battalion com-
mander must evaluate the report of each team in relation to other teams'
successes or failures. The workload during this phase would be influenced
by the ease with which a commander could integrate information provided
in different frames of reference into a coherent picture of the overall situa-
tion.

SUMMARY

Geographic orientation plays a major role in the success or failure of
most tank operations. Platoon and tank commanders must continually up-
date their position by comparing different map frames of reference (e.g.,
their forward view of the world to a paper or remembered map) to deter-
mine their position in the world. The level of congruence between different
reference frames (and the mental rotation required to bring them into align-
ment) will be a factor in determining the time and difficulty of the geo-
graphic orientation task, as well as the likelihood of errors. Terrain charac-
teristics, required accuracy, familiarity, and planning also affect the level of
workload assot .ated with geographic orientation and navigation.

To reduce the tank commander's workload, technological innovations
such as electronic chart displays (ECD) and premission planners, which can
be taken from the mission briefing and downloaded in ECD computers,
should be introduced into tanks. (Their utility has been demonstrated in
helicopter operations-Cote et al., 1985.) Low-cost electronic chart display
systems coupled with global positioning satellite (GPS) receivers are being
developed to determine and display the exact position of a vehicle superim-
posed on a map, a task currently performed by the tank commander using
paper maps, at a considerable cost in time and cognitive effort. The cogni-
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tive demands of the geographic orientation/navigation task could be re-
duced by the installation of an electronic chart display system that is de-
signed to maximize the degree of congruence between the map format, the
terrain it depicts, and the tank commander's model of the environment,
Different display formats will facilitate the performance of different tasks.
The following list of features should allow the system to be both compatible
with task requirements and the tank commander's internal model:

(i) The system should support both north-up and track-up map formats,
The north-up format will facilitate mission planning (multiple missions can
be planned and correlated on the same map) and communication between
individuals who do not share the same perspective view of the terrain (eg.,
headquarters and artillery). Communication between individuals who do
not share the same visual perspective must rely on map coordinate data
when transferring information.

The track-up format will facilitate wayfinding, locating targets, and
communication between individuals who share the same perspective view
of the terrain (i.e., the tank commander and the driver). Individuals who
have a shared visual perspective can communicate using visual terrain fea-
tures correlated with map information to support information transfer,

(2) The planned route and the current position of the vehicle should be
depicted on the map display. Depicting the planned route and the vehicle's
current position on the map eliminates the need to micronavigate between
waypoints (thus, the driver's task becomes one of obstacle avoidance and
compensatory tracking between waypoints) and facilitates reorientation if
the tank becomes lost or makes an unscheduled detour.

(3) Map features selected by the tank commander during mission plan-
ning to identify route transition points (waypoints) or to aid in maintaining
geographic orientation should be depicted on the ECD system. The degree
of congruence between the map and the terrain, and also the cognitive
compatibility between map depictions and terrain features, may be improved
if iconic symbology selected by the tank crew during mission planning is
used.

(4) Through the use of color and shape coding. contour line information
can be accentuated and thus becomes more iconic.

(5) Compass information derived from GPS data, scalable range marks,
latitude and longitude, bearing to and from selected points on the display,
and variable map scales should be available on demand,

Also, electronic maps must depict the sort of features tank commanders
and helicopter pilots actually use for geographic orientation, represented in
a form that is most compatinle with :he way the feature will appear in the
forward scene, By reducing the workload associated with navigation, all of
the features should a low the tank comrmander more resources to deal with
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tactical decision making, planning, communications, and team coordination,

issues addressed in the next three chapters.
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Decision Making

The extent to which teams successfully deal with transitions to crisis
situations depends heavily on the extent to which the right actions are cho-
sen: the process of decision making, Because of the great publicity that
decision making failures often receive, we typically hear more about faulty
decisions than successes in crisis situations. For example, the disaster at
Three Mile Island resulted in part because operators in the control room
made a decision to shut off an emergency feed water pump. having misdiag.
nosed the state of the reactor (Rubinstein and Mason, 1979). Less publi-
cized because of their less disastrous outcomes were the more appropriate
decisions taken in response to nuclear power emergencies at the Davis-
Bessie and Brownsville plants.

The flight crew on board the Air Florida Boeing 737 at Washington's
National Airport in 1982 exhibited faulty judgment in their decision to take
off in icy conditions without requesting an immediate deicing (O'ltare and
Roscoe. 1991; Van Dyne. 1982). The sluggishly handling plane never gained
necessary air speed and crashed into the 14th Street Bridge in Washington.
DC. In contrast, the problem-solving and decision-making sequence fol-
lowed by the flight crew ot the United flight 232, which sidffered a total
hydraulics failure over Iowa, was testimony to the good judgment of the
team in crisis-bringing a totally crippled and nearly uncontrollable jet to
earth (see Chapter 10).

For tank crews, also. the decisions made under combat stress have a
major bearing on the success of the mission and the survivability of the
crew. Does one chose to engage the vnemy or uot? Is it worth risking

19I8
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exposure by following the shortest path to an urgent destination? Or should
one follow a longer, slower route, maintaining a low-profile, hidden posi-
tion?

In most teams, decision-making responsibilities fall most heavily on the
team leader-the tank commander, the airplane pilot in command, the hos-
pital physician, or the fire chief, These individuals possess the ultimate
responsibility for choosing the appropriate course of action, but other mem-
bers of the team also play a critical role in communicating the information
on which the optimal decision can and should be based.

Analysis of the decision-making case studies mentioned above and of
numerous others reveals that shortcomings in decision making may result
from limitations in a number of the processes necessary to execute a deci-
sion, from initial information gathering to final choice. In particular, it is
possible to partition the process into two overall phases: the acquisition
and maintenance of situation awareness necessary to diagnose or estimate
the most likely state of affairs, and the selection of a course of action.
While each of these phases can themselves be analyzed further, as indicated
in Figure 8.1, it is instructive to consider examples of how faulty decisions
can result from a breakdown of each. The operators at Three Mile Island,
for example, made the right choice of action given their diagnosis of the
state of the plant-which, unfortunately, had been faulty. A correct choice
of action was also made by the commanding officer on the U.S.S. Vincennes
(Klein, 1989; Slovic, 1987; U.S. Navy, 1988), Given the information pro-
vided to him, that the aircraft approaching the ship was probably hostile, his
decision to launch a missile was probably the best one, The tragedy result-
ing when the missile struck a civilian airliner resulted because the identifi-
cation of that aircraft was in error. In contrast, the Air Florida crash did not
result because the crew failed to diagnose the icing conditions, but because
their choice of action was inappropriate given those conditions, In the first
half of this chapter, we treat these two phases of decision making separately
before discussing how both are related specifically to the transition period.
The section concludes by recommending some possible remcediations to guard
against decision failures,

HEURISTICS AND BIASES IN HYPOTHESIS FORMATION

A necessary, but not sufficient, precondition for good decision making
is the existence of a correct hypothesis of the most likely state of' the world
within which the chosen action will be carried out. Wickens and Fluch
(1988) have presented an information processing model or framework of the
hypothesis formation process, shown in Figure 8.1. Within the model, vari-
ous biases and heuristics (Kahneman et al.. 1982) are identified that zmIay
create distortions in hypothesis formation and situation awareness. In the
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following, each of these is illutrated as it might be or hai been manifest in
an applied setting,

When itin g multiple sources of information to formulate a hy-
pothesis, the salience bias describes the decision maker's tendency to focys
on the most salient (loudest, brightest, most prominent) cue, rather than that
which may be most informative and diagnostic, when these are not the
same. As one example, in the analysis of the incident aboard the U.S.S,

Vincenne,4 when the Iranian airliner was shot down, it was apparent that the

salient writing of the word F14 on a message board in the combat informa-

tion center, following the uncertain hypothesis of the aircraft's identify.

contributed to tho ultimate misidentification of the aircraft,
Which hypothesis a decision maker chooses to base his or her actions

on depends very much on which hypothesis is i.ist available in memory,
rather than In fact which may be the most likely in the circumstances. This
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is known as the availability heuristic (Tversky and Kahneman, 1974). Thus,
the tank commander will find most available the enemy's plan of attack tor
which he had just been briefed, or which he had encountered in a recent
drill, because these would be easily brought to mind. Analysis of the Vincennes
incident revealed that the misdiagnosis was the result of interpreting the
actions of the radar contact in terms of a predefined script of a hostile
attack (U.S. Navy, 1988). That is, an easily recallable sequence of events
that would be likely to occur in combat.

Once a tentative hypothesis is formulated, based perhaps on available
memories and salient information sources, two closely related forces join to
increase the likelihood that available hypotheses will prevail and alterna-
tives will not be considered. The anchoring heuristic describes the ten-
dency to stay with a current hypothesis and consider new information that
might shift one's beliefs in favor of a different hypothesis less than ad-
equately (Tversky and Kahncman, 1974; Van Dyne, 1982). The cwmfirma-
tion bias (Klayman and Ha, 1987; Tolcott et al., 1989) describes the deci-
sion makers' tendency to seek new information that supports one's currently
held hypothesis and to ignore (or at least downplay) information ttnt may
support an alternative hypothesis. Both anchoring and the uonfirmation
bias seem to have been partially responsible for the disaster at the Three
Mile Island nuclear power plant, in which operators focused on the inappro-
priate hypothesis that the water level was high and ignored critical display
information suggesting just the opposite (i.e., that the water level was too
low, which turned out in fact to be the correct hypothesis). It is easy to
envision how the tank commander, with a preconceived hypothesis regard-
ing the nature of enemy intentions, will interpret ambiguous evidence as
consistent with these intentions. Tolcotu et al. (1989) have found that such -A

bias is present in the performance of Army intelligence analysts.

EXPERTISE IN DIAGNOSIS

The information flow in Figure 8.1 suggests that human decision miak-
ers go through a time-consuming computational process of evaluating , id
interpreting evidence, relying heavily on the limited capacity of working
memory. Yet under time pressure and in potential crisis situations, there is
good evidence that expe,' decision makers-the skilled tank commander,
pilot, or nuclear power plant control room operator-may adopt a very
different strategy of hypothesis diagnosis in which they simply match the
available evidence with the most similar experience already stored in long-
term memory (Ebbesot. and Kuncci, 1981). Klein (1989), for example, has
documented that expert fire crew chiefs, when diagnosing the nature of a
tire upon first arriving at the scene, go through such a I -,i match pro-
cess. as do expert (but not novice) tank ,mmanders in ,ted battle
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games. The viewed scene is simply compared with a series of mental
representations of typical scenes from past experience, to determine which
one is an adequate match. In a study of pilot decision making, Wickens et
al. (1987) and Barnett (1989) inferred that highly experienced pilots (those
with more than 500 flight hours) used a quaiitatively different style of pilot

4 judgment than novices, relying less on working memory and more on direct
retrieval of the appropriate solutions from long.,term memory.

In spite of the apparent advantages of this pattern-matching decision
* strategy in some contexts, particularly those involving time pressure, the

limits of this approach should be clearly voted as well. On one hand, such a
Stecihnique may be applied effectively only in the domain for which expertise

has been developed. Thus, for example, Klein observed that fire chiefs
used pattern-matching diagnosis behovior when they diagnosed the nature
of a fire, hut not when they needed to deal with administrative commands
and persopnel decisions. On the other hand, although the pattern-matching
technique is more rapid, less resource demanding, and qualitatively differ-
ent, it is not necessarily more accurate than the time-consuming computa-
tional technique used by novices. Indeed, Wickens et al. (1987) found little
difference in the accuracy of judgments made by high-time versus low-time
pilots, only that high-time pilots were more confident in their decisions. As
noted in Chapter 4, Koehler and McKinnay (1991) found that inflight diag-
noses of expert pilots were no better than those of less experienced pilots,
and actually suffered more when the problems were nonroutine.

In accounting for these failures, it is reasonable to asstime that, because
the pattt.|an-matching approach forces a set of environmental cues to match a
stored template in memory, it may be relatively more susceptible to the
biases in hypothesis formulation discussed above (confirmation, anchoring,
and availability). This is because a sitiiation that is generally similar to the
mental representation of past experience, but may he different in some key
respects, could he clas!;ified as identical, widh those key differences simply
ignored (i.e.. anchoring on what is available from past experience). Unfor-
tunately, with the exceptioll of the Wickens et al. (1987) study, few data are
available regarding the relati.e quality of pattern matching versus computa-
tional d".ision making in applied environments. Furthermore. the studies
discussed above have defined expertise in terms ot years of experience,
rather than (necessarily) a high quality of performanc,'. It will be important
to continue research that examines decision style and quality as a function
of expertise. unconfounded with experience..

CHOICE

Classic decision theory has focused its efforts on ways to integrate: the
uncertainty and the value associated with prospective outcomes of de~ision
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alternatives. That is, a given choice is assumed to have a number of pos-
sible outcomes (depending on the uncertain state of the world in which a
choice ig made) (see Figure 8.2). The option that is favored is assumed to
maximize some subjective quantity or preference for the decision maker. It
is often assumed that this quantity is the subjective expected utility, which
is computed as the utility (subjective value) of each possible outcome for
the choice, multiplied by the subjective probability that that outcome will
be observed. There are numerous alternative models that have been applied
to decision making. For example, it might be assumed that decision makers
will minimize losses or will pick the least effortful decision that has some
minimum level of expected gain (Slovic, 1987). However, if one option

6 7/
*1

FIGURE 8.2 A hypothetical riky choice. Decision Option A will yield one of
two possible outcomes, depending on wheiiicr the state of ic world is I or 2. These
states are not known for sure, but are estimated (diagnosed) with probabilities P,
and P2, respectively. If state I is in effect, outcome A,, which has utility UM. will
he obtained. State 2 will yield outcome A,, with utility UA2. In contrast. decisior
Option B will yield a certain (nonrisky) outcome with utility UtJ, no matter which
state is true.
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promises more attractive outcomes given some circumstances, but the chances
of those outcomes are lower than those of less appealing outcomes prom-
ised by competing alternatives, how should the conflict be resolved?

A critical concept in such analysis is that of risk, typically characteriz-
ing an option for which the two or more possible outcomes associated with
the choice may differ in their probability of occurrence and do differ in
their utility (i.e., cost or benefit). This situation characterizes option A in
the figure. For example, a low-probability outcome may be associated with
dire consequences and a high-probability outcome may be associated with
consequences that are far more benign. In the nuclear power industry, a
decision to keep a reactor on line when it has shown a faintly suspicious
symptoin might be such an example. There is a small probability of a major
disaster itf the symptom really does herald a faiure but a high probability
that nothing is wrong.

How bad such a risky option is perceived to be (its expected negative
utility) will, of course, depend on how large is the perceived probability of
the negative outcome, There are in fact a number of sometimes conflicting
influences on perceived probability that may bias the estimate in different
directions. For example, very rate events are typically overestimated (ex-
plaining; why people believe they will win by entering lotteries) C:heridan
and Farrell, 1974; Wickens, 1984). This overestimation is particularly likely
to occur when low-probability events are well publicized so that they be-
come available to memory (Slovic, 1987). Humans have a tendency to be
overconfident of their own likelihood of success-to underestimate the probability
that infrequent, bad things will happen to them (as opposed to someone
else) (Bettman et al,. 1986). This is one example of the general bias toward
overconfidentc' in human diagnosis and choice.

As showni in the figure, risky options ar.- often paired against "sure
thing" options, for which the consequences are reasonably well known:
shut the nuclear reactor down and the power plant will surely suffer some
disruption, but it also will surely avoid disaster. Research by Kahnernan
and Tversky (1981, 1984) into the heuristic known as framing suggests that,
when choosing between a risky and a sure thing option, people respond
differently when the outcomes of both options have positive expected utili-
ties, than when both options have outcomes with negative expected utilities,
Teams in crisis usually are confronted with a pair of negative outcomes,
The tank commander might, for example, choose between a safe retreat,
with a sure loss of position but sure preservation of safety, and a risky
advance, with a low probability of encountering fatality-inducing battle conditions.
In analogous circumstances, when the choice is between negatives, Kahneman
and Tversky found that people usually are biased to choose the risky option.
When in contrast, the choice is viewed as one between positive outcomes,
the choice is more likely to be biased toward the sure thing safe option.
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The important feature of this framing bias is that the very same decisions
may be framed positively-by emphasizing the good characteristics (e.g.,
probability of winning the battle, preserving crew lives) or negatively (e.g.,
probability of losing the battle, encountering fatalities), and the difference
in framing will influence the choice that is made.

As with our discussion of diagnosis, so also with choice: it appears that
expert decision makers do not generally employ a fully analytic strategy.
They do not carefully weigh all the alternatives, outcome utilities, and prob.
abilities before arriving at a choice, Rather, evidence suggests that these
processes, too, are often circumvented by a decision based on direct memory
retrieval. If, in a particular circumstance (evaluated by diagnosis), a choice
has proven successful in the past (yielded a favorable outcome), it will be
chosen again. Any action that has yielded this outcome can be chosen, not
necessarily that with the highe:;t expected utility (Klein, 1989). Such a
strategy, in whic~h the first alternative that satisfies all relevant attributes is
selected, has been labeled as satisficing (Simon, 1955). This characterizes
the verbal protocols that fire chiefs give when describ~ng the tar-ics they
choose to fight a fire (Klein, l9b9).

Analogous to our treatment of diagnosis, the alternative direct memory
retrieval method of decision making shown by e-perts is not necessarily
better than the strategy shown by novices, although it is inure rapid and
made with less effort, The strategy will lead to the choice of actions that
are familiar and easy to recall. Hence, certain biases toward availability
may be shown, This appears to be an adaptive strategy in times of stress,
when time pressure is intense, as will be the case in most transition situa-
tions. We consider now the potential effects of the transition on decision
quality.

TRANSITION EFFECTS

The influence of the. transition process on decision making may be
roughly described from two perspectives: the exchange between prctransition
effort and post-transition performance, and the overall influence of stress on
transition decision performance.

Pre-Post Exchange

The first section of this chapter has described the extent to which effec-
tive decision making is based on accurate situation awareness, One can
easily imagine that efficient and accurate judgments in a post-transition
period will depend on the fidelity of knowledge gained in the pretransition
period. Three kinds of knowledge and preparation would seem to be of use
here. The first concerns static knowledge of features that are unlikely to
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change. For the tank commander, this characterizes knowledge of the geog-
raphy of the area, the acquisition of which was described in the previous
chapter, For the nuclear power crew, this static information is characterized
by long-term knowledge of plant operation as well as the more transient
knowledge of the repair status of the plant-which lines are oper and which
are closed. For a disaster relief coordinator, it may involve knowledge of
which units and equipment are located where. There is a high payoff in
investing resources into acquiring this static knowledge or situation aware-
ness, since it will be unlikely to change and can then be used as a basis for
fast and effective decision making after the transition.

Second, there is a class of knowledge and information that can be gath-
ered prior to transition that has uncertainty associated with it, Any decision
that will be taken in response to future meteorological conditions, for ex-
ample, must certainly be of this form. So also will a tank commander's
decision based on intelligence about what an enemy might do (Scott and
Wickens, 1983), In this instance, it would seem important to prepare for
and consider, not only the most likely hypothesis (or state) based on the
available cues, but also those conditions of less, but nonzero, likelihood. In
short, it is valuable to develop a weighted contingency diagnosis In which
crews are prepared for alternate states in proportion to their degree of likeli-
hood. 'The prepared decision maker should guard against a sharpening of
preparedness only for the most likely state. In this way the team will be
less likely to misidentlfy and falsely classify a particular situation, suc-
curabing to the heuristics of anchoring and availability. An important corol-
lary of this strategy is that estimates of uncertainty should be carefully
preseived as situation information or intelligence is relayed from person to
person or unit to unit. It was in part the failure to relay uncertainty infor-
matioi, up the chain of command that led to the disaster in the U.S.S.
Vincennes incident (U.S. Navy, 1988).

Third, and most obviously, post-transition decision making can be fa-
cilitated by the rehearsal of and preparation for contingency response plans.
As noted in Chapter 3, greater pretransition preparation will lead to more
efficient pos4t-transition response. But here again, care must be taken to
guard against blind following of a preprogrammed procedure, without monitoring
its ongoing appropriateness and without entertaining a willingness to modify
or abandon the procedure as needed (ie,, to guard against the confirmation
bias) (Woods and Roth, 1987).

Stress Effects

The second relevant transition effect on decision making concerns the
specific effects of post-transition stress on decision-making performance, Given
that many of the stress effects were covered previously In Chapter 4, we
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present here only a brief review of how the combined effects of noise, danger,
and time pressure might be expected to amplify decision-making biases.

Communications

Noise will have a clear and direct degrading effect on communica-
tions-the exchange of auditory information necessary for effective deci-
sion making. We might also anticipate a specific form of stress bias for the
listener to expect and therefore hear the subjectively most likely message.
Such was a clear factor responsible for the KLM-PAN AM collision on the
runway in the Canary Islands (Bailey, 1989).

Perceptual Tunneling

Stress is known to induce an attentional focusing on the most subjec-
tively important source of information (Broadbent, 1971). Where the sub-
jective importance of an information source does not directly correlate with
its true reliability and diagnosticity, major problems could be encountered.

Confirmation Bias

There is at least anecdotal evidence that stress can enhance the confir-
mation bias, reinforcing still further the belief that the hypothesis or action
one has already chosen is correct. This tendency seems to have character-
ized the operators' behaviors at Three Mile Island (Rubinstein and Mason,
1979) and was diagnosed as a contributing cause of a substantial number of
recent accidents in British military aircraft (Chappelow. 1988),

Phonetic Working Memory

It is not difficult to envision how stress, particularly that characterized
by noise, can reduce working memory capacity (Hockey, 1986) and there-
fore the effectiveness of that memory system in storing verbal information
necessary for hypothesis testing and evaluation (Mehle, 1982). This is
particularly true when the situation is unfurniliar and the operator is less
able to rely on pattern-matching techniques.

Spatial Working Memory

Wickens et al. (1988a, 1988b) found that pilot decisions made under the
combined stress of noise and time pressure were degraded to the extent that
they depended on visualization of the airspace. One might anticipate, there-
fore, similar effects on decisions that require rapid updating or revision of a
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mental model of terrain (in the case of the tank commander) or some other
visual-spatial environment (i.e., the structure of a ship, building, or plant on
fire).

Speed-Accuracy Tradeofi

It has been shown that stress induces a shift to fast, but less accurate,
performance on a speed-accuracy tradeoff (Hockey. 1986). Furthermore,

given that accurate performance on certain kinds of decisions depends on a

time-consuming weighing of various alternatives, it is reasonable to con-
clude that decision performance following transition will be more error
prone, to the extent that it depends on an analytic computational strategy,
Alternatively, it can be predicted that the preferred strategy of decision
making will be likely to shift to one involving direct memory retrieval,
given that the operator has stored the necessary domain-related knowledge
base (Klein, 1989),

Remediatlon

Decision researchers have long been aware of the failures and limita-
tions of human decision making (Slovic et al,, 1977). More recently, they
have acknowledged the human's very real strengths in this area compared
with the capabilities of many artificial intelligence systems (Klein, 1989),
To counteract these limitations, four general remediation solutions have
been proposed, any of which might be appropriate for the transition envi-
ronment. Each of these solutions is described below.

Decision Aids

The increasing power and sophistication of computer technology has
made more feasible the development of programs that can assist decisiotn
making. In each phase, there are two alternative approaches. One involves
the development of artificial intelligence/expert system technology in which
potential solutions (diagnoses or recommended choices) are computer-gen-
erated, to be accepted or rejected by the human operator (Nladni, 1988;
Rouse et at., 1990). Such techniques would still appear to be somewhat
limited unless the optimum decision rules can he clearly and unambigu-
ously articulated, and the decision problem is quite self-contained (( e., does
not involve extracting information from unforesee:ible sources) For ex-
ample, a decision aid in recommending diagnoses of a failed gunnery com-
puter might be appropriate. One that recornmends battlefield tactics would
be far more tenuous, because of the diversity of factors that should go into
such a consideration.
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The alternative approach is a decision aid that provides assistance to
the human operator but does not recommend diagnoses or actions. Such an
aid might, for example, list alternative hypotheses for a diagnosis, to safe-
guard against the tunneling produced by availability and anchoring. Corre-
spondingi,, it might list alternative courses of action (without recommend-
ing particular ones). A major potential source of benefit here could be
realized in aids that provided an effective and organized display of informa-
tion cues that could assist in hypothesis evaluation and situation awareness
(MacGregor and Slovic, 1986, Scott and Wickans, 1983). Such a display
aid could present cues in terms of their information value, in such a way
that salience would not distort the overall representation of information. In
general, displays that minimize the need for cognitive transformation be-
tween what is displayed and what is meant, and that organize information in
logical groupings, will aid the decision maker,

Deblas Training

An alternative approach to designing aids that will minimize the impact
of bias is to train or teach the operator about these biases and heuristics
directly. Such debias training has been introduced with the belief that, once
a decision maker is aware of the existence of these biases, he or she will be
less likely to fall prey to their influence; however, the consensus in the
literature is that simple awareness of these biases rarely alleviates them
(Fischhoff, 1982).

Some examples of modest success in debiasing have been observed,
rendering decision making less susceptible to anchoring (Lopes, 1982) and
overconfidence in meteorological forecasting (Murphy et al., 1985). While
not yet fully validated as an effective technique, it would seem that provid-
ing decision makers with some level of training into the nature of heuristics,
and the understanding of probability would be of considerable value in
many applied contexts,

Domain Training

An alternative form of training to that used in debiasing is direct train-
ing in the domain of the decision itself (rather than in the mechanics of the
decision process). Certainly included here would be training in planning
and diagnosis or situation assessment, One issue that is not well resolved is
the extent to which training to deal with events following crisis should
focus on highly specific (but brittle) procedures following, In the context
of the nuclear power industry, Woods (1988) has, voiced some concert, about
the dangers of overtraining operators to follow very specific procedures
given a particular failure diagnosis. The concern results when the diag-
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noses on which the procedure is based is itself uncertain (ie,, a diagnosis of
tne most likely candidate, but not a certain candidate, so that others are
plausible). In this case, overtraining on a particular routine or decided
course of action to follow given that hypothesis, may lead the operator to
follow it blindly, without carefully checking as the decision actions are
carried out, to determine whether the routine remains appropriate, As we
have seen, this tendency may be exaggerated in times of stress. In this
regard, some consideration should be given to training the decision maker
to closely monitor the outcomes of the actions following a decision, in

, t order to ensure that the choice was in fact the correct one, and to be pre-
pared to alter those actions as necessary. Such training could make use of
the realistic, dynamic simulation facilities offered by SIMNET, a team-
oriented tank training facility to be discussed in further detail in Chapter 10,
The issue of the specificity with which emergency procedures following
should be trained is one for which more research is clearly needed. In at
least one domain, programs to train decision makers have demonstrated
valid success, Diehl (1991) has reviewed the effectiveness of uir crew
decision training In a variety of aviation programs and has concluded that
such programs substantially reduce the !lkelihood of erroneous pilot judg-
ments,

Team Cohesion

The final remediatlon addresses the need to create efficient decision
making teams within which the communication of information necessary
for optimal diagnosis and choice proceed,' In a smooth and unambiguous
fashion. Clearly some degree of standardization and redundancy in vocal
communications is necessary. But other critical factors involve the spirit,
coherence, training, and personality of the teamn members, and in particular
of the team leader. These are issues that are discussed at the end of Chapter
4 and are dealt with again in some depth in Chapter I1(; some ot' them are
also addressed in Druckman and Bjork (I J991.

SUMMARY

The decision making of teams in transition depends jointly on the deci-
sion-making capabilities of the team leader, and on the flow of information
via voice communication from other team members and from well config-
ured visual displays. When this information transmission is effective, it
provides the basis for good situational awareness or diagnosis of the state of
the world that requires a t'ecision. Yet this diagnosis may he hindered or
distorted by a number of biases or heuristics, some of which are amplified
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under times of stress. High degrees of expertise may eliminate some of
these problems and produce more rapid decisions.

Diagnosis is often followed by choice, which depends on the accurate
assessment of outcomes, their utility, and their risk. Here again, certain
biases in risk perception have been identified, and here also the decision
process may be facilitated by expertise,

Two categories of transition effects on the decision process may be
identified. On one hand, there are certain actions tile operator can take
before the transition that can improve decision quality (or accuracy) after
the transition. On the other hand, the transition itself will induce a level of
stress that is likely to systematically degrade certain aspects of the decision
process.

The limitations of decision making can be remediated by one of four
techniques: computer-based decision aiding, particularly that which em-
phasizes the display and organization of relevant cues, training of self-
awareness of the decision maker's biases, training in the decision domain,
and development of team cohesion,
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Strategic Task Management

The previous chapter has described the importance of maintaining situ-
ation awareness and effective decision making in both the pre- and post-
transition period. These elements, however, represent only a part of the
cognitive activity required by teams in periods of high workload, A critical
activity that we address in this chapter is strategic task management. The
operator, faced with a host of tasks competing for attention in periods of
high workload, must decide which tasks to perform when, how frequently to
switch from one task to another, and when it is appropriate to break off
performance of an ongoing task to shift to one of higher priority. Further-
more, to be effective, the shift from one activity to the next should he rapid.

Some aspects of strategic task management are quite similar to those
addressed in the previous chapter. For example, the decision made by a
tank commander of whether to engage an enemy or retreat is clearly a
choice between tasks. But issues of task scheduling and switching arc not
tones that are typically addressed in the study ol decision making. This
chapter addresses the issue of task switching and task management at two
levels, In the first pa," we consider basic laboratory research that has
addressed the speed wiia which humans can initiate, change. and cease
tasks, In the second part, we address research in more complex domains
that hasa focused more on when or whether tasks of different priority are
perl'ormed.

COGNITIVE SWITCHING

Task switchiog is a pervan:ive phenomenon in everyday life, Every day
we engage in several tasks, switching from one to another with little thought

214
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and little apparent effort. We get up, bathe, dress, eat, and go to work. We
come home, cook, eat, clean up, recreate, and go to bed. Each activity is
focused on specific goals, often requiring that the same things be used in
different ways (consider, for example, the different ways we use water in
these activities). In each activity, our behavior could be modeled effec-
tively as a special-purpose processor, dedicated to the one act and no other,
At different times, we appear to be dressing machines, bathing machines,
cooking machines. eating machines, and so on. However, we appear to be
more than special-purpose machines, and the clues to our nature become
clear at the transitions between activities: we appear to be collections of
special-purpose machines, capable of changing from one to another oii a
moment's notice. The transitions are brief and hardly noticeable in every-
day life, yet they are fundamentally important in understanding human be-
havior.

Strategy Switching

One approach to the study of task switching has been through the study
of strategy switching. A person's behavior in performing a task, whether
simple or complex, can be described as a strategy. A strategy can bt de-
fined as an optional organization of cognitive processes that is designed to
achieve some goal in a particular task environment (logan, 1985a: Logan
and Zbrodoff, 1982; Logan et al., 1983). The organization is optional be-
cause people can configure their processes in several ways. Often, there are
several ways to perform the same tsk: each one is a different strategy. The
cognitive processes are organized because strategic behavior is coherent
arid planful. Strategic behavior is intentional, organized around the achiievemCnt
of goals. tomc configurations of processes will achieve the goals and
others will not. People choose the foirmcr. Sonic configurations of pro-
cesses will achieve the goals better than others. People try to choose the
better approaches. Having adopted a strategy, people will appear as special
purpose processors dedicated to the task tit hand, But this way ol defining
strategies highlights the gencral purpose nulure of human activity and pro-
vides a way to describe transitions from one strategy to another.

The research of Logan, Zbrodoff, and their colleagues has revealed that
people can be relatively rapid tit ad•pting or changing the strategies with
which they perform a task. For example, in one task, a variantl oi the Stroop
task (Stroop, 1935), people can either attend to tile position of a Word
(presented above or below a fixatim point), or the word's semantic content
("above" or "below"). Depending oni the nature of the information pre-
sented on a givenl trial, attending to the one attribute or the other (a dift'er-
ence in attentional strategy) can speed or slow their performance. Logan
and Zhrodoff (1982) found that subjects can adopt the required attentioiial
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strategy very rapidly (within a hrlf second) if they are motivated to do so,
and they will choose one strategy or the other on the basis of the probability
that it will best serve their performance (Logan et al., 1984; Zbrodoff and
Logan, 1986).

Logan's research on strategy selection of attentional dimensions has
parallels in Rabbitt's work (1989) in the selection of speed-accuracy tradeoff
strategies. In tasks typifying those in which operators must make a series
of rapid choice responses, Rabbitt notes the facility with which subjects
seek the strategy that provides the optimal level of performance. For ex-
ample, if accuracy is important, they will increase in speed until an error is
made, and then immediately back off just enough to restore errorless perfor-
mance on subsequent trials. Similarly. Wickens et al. (1985) have found
that, within a dual task paradigm, subjects can shift resources from one task
to another within a few seconds, i. response t4, a sudden increase in re-
source demand (difficulty) imposed by one o the tasks.

The facility with which strategies can be zhosen and modified is impor-
tant and certainly testifies to the flexibility of human cognition. This is an
important issue in workload transition periods, for it is evident that a change
from pre- to post-transition conditions will normally require a host of dif-
ferent strategic,- to be adopted, such as a shift to more rapid performance.

It should be noted, however, that most studies of rapid strategy shifting
have not been carried out in high-stress conditions, and so, to some extent,
the generalizability of !his finding of flexibility to the tank crew erkviron-
ment must be treated cautiously, Also, shifting the strategy with which a
given task is performed is not the same as shifting between two different
tasks-an issue that we now address.

Task Switching

Research on the issue of task switching is made complex because of
ambigui:y in the issue of "What is a task?" A relatively unexplored re-
search area concerns the hierarchical nature of complex tasks. High-level
goals are often accomplished by the attainment of several subordinate low-
level goals, and the high-level goals need to be kept in mind while dealing
with the low-level goals. This is evident, for example, in navigation ta.,ks
in which higher-level goals (e.g., reach a given location) are accomplished
by meeting lower-level goals (e.g., come to a given heading).

The research most relevant to this issue is Vallacher and Wegner's (198"/)
action identification theory. It assumes that action is organized hierarchi-
cally and concerns itself with discovering the level at which actions are
construed and the circumstances under which people shift the level at which
they describe their action. Vallacher and Wegner (1987) argue that the same
act can be described at several hierarchical levels. For example, the same
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act may be described as pressing buttons, dialing a telephone, calling a
friend, maintaining social contacts, or sea-ching for meaning in life. Among
other things, familiarity with the act enc', urages high-level descriptions.
Vallacher and Wegner show that alcoholics describe imbibing as "getting
smashed" whereas nonalcoholics wil! describe it as "having a drink." People
drinking coffee from a 1-pound cup will describe their actions as "pinking
up a cup," "moving the cup to my lips" and so on, whereas people drinking
coffee from normal cups describe their actions as "drinking coffee" or "get-
ting a dose of caffeine."

Vallacher and Wegner argue that levels of action description lower than
the one chosen by the actor are pierformed automatically: the actor need
only think of the goal at the levl at which he or she describes the action.
Lower-level activities will take care of themselves. They argue that people
wili w.aintain action descriptions at the highest possible level until some-
thing goes wrong. In that case, they switch to a lower-level description to
try to discover what went wrong. Thus, we think we are calling a f-lend
ttintil we discover that the number wasn't dialed correctly. Then we pay
attention to button pressing, trying to discover whether we executed the
sequence incorrectl) or the telephone isn't working properly.

Action identification theory is very new and has not been applied to many
situations, but it seems very promising, especially in the context of workload
transitions. At the very least, it provides a framework in which to understand
the complex tasks :ncountered in workload transition situations. More likely,
it will provide a rich source of hypotheses for future research (e.g., what
happens to high-level goals when attention is called to low-level goals).

The relatively scarce research that has been done on switching between
tasks ha• considered the concept of task at a relatively low hierarchical
level. It reveals that, like strategy switching, task switching can be carried
olir fairly rapidly.

Jersild (1927) studied the time taken to alternate between similar (add-
ing versus subtracting numbers) and dissimilar alternatives (addition or sub-
traction ver:wus naming opposites), and found that subjects could alternate
between very dissimilar alternatives with virtually no cost (also see Biederman,
1973; Spector and Biederman, 1976). This suggests that strategy engage-
ment time detyends on the relation between the stritegy to be engaged and
the one that went before it. (This theme is discussed at greater length in the
section below on disengaging strategies.) More recer,:ly, a series of studies
on multichtinnel information processing have revealed that people are able
to switch attention from one channel to another, on cue, within a few teinths
of vi second (Gopher, 1982; Sperling and Dosher, 1986), Interestingly, Go-
pher has found that individual differences in the speed of switching between
'wo auditory channels provides a- valid predictor of differences in perform-
ing complex skills, such ar those tfound in bus driving and aviation.
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A substantial research program on task switching has been undertakeni
K, by Logan and his colleagues, who have examined, independently, the two

components of task switching: stopping the first activity and changing to
the second activity.

Action can be stopped relatively easily. Highly skilled actions, such as
speaking anJ typewriting, can be stopped very quickly, within a syllable or
two or keystroke or two of the stop signal. The same result, can be found
with experimenter-imposed stop signals and with naturally occurring stop
sinals such as errors in speaking o, typing (for a review, see Logan and
Cowan. 1984). Inhibition is difficult only in pathological cases. Schachar
and Logan (1990) found that hyperactive children were deficient in their
ability to 'inhibit action, compared with other disturbed children and to
normal control children. But even their inhibitory ability can be improved
by administration of stimulant medication (methylphenidate) which improves
behavioral symptoms of hyperactivity (Tannock et al., 1989).

Action appears to be controllable tip to the point of execution. There is
no apparent "point of no return" after which action becomes ballistic. This
was suggested by behavioral experiments (Logan, 1981, Osman et o1., 1990)
and -onlirmed with psychophysiological measures (de long et al., 1990).
Nevertheless, stopping is strategic. People stop atution more quickly when
they expect to stop (i.e., when stop signals occur on a greater proportion of
trials, Logan, 1981; Logan and Burkell, 1986).

It takes time to stop action, hut not much. Actions that are simple and
complex, skilled and unskilled, can be stopped in 200-400 milliseconds (for
a review, see Logan and Cowan, 1984). The time to stop action increases
somewhat as the difficulty of performing that action increases (Logan et al.,
1984, 1987).

A variation of tie stop-signal paradigm, relevant to the discussion of
activity switching, is the change-task paradigm, in which tlie signal to stop
one activity serves as the stimulus to start a different, changed activity. The
change-task signal is a type of procedural bridge between thc stop task and
traditional dual tasks, in which subjects respond overtly to two signals. It
provides a simple analog of workload transition situations, in which current
(low-workload) activities have to stop suddenly to make way for new, more
Important (high-workload) activities.

Stopping performunce in the change-lask partdigm is similhn to stop-
ping performance in the stop task. The time to stop action may be a little
longer in the change task, but the pattern of results is essentially ihe same.
rhe most interesting result, in the change task involve the overt response to
the stop (change) signal analyzed contingent on whether or not the subject
successfully inhibited the first activity. If subjects fail to inhibit their re-
sponses to the first task and therefore respond overtly lo the first task and
the stop signal, then overt responses to the change signal are delayed as are
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dual-task reaction tirfes. However. it subjects successfully inhibit their
responses to the first task, there is no competition (Logan, 1985b, Logan
and Burkell, 1986; also see Logan, 1982). This suggests that successful
inhibition "clears the system," removing residual effects of the inhibited
response so that the new response can begin without interference,

The lack of interfering effects from inhibited actions has important
implications for workload transitions: it suggests that there should be little
carryover across the transition, unless, of course, the operator must pick up
and complete the stopped task at a later timen-a common occurrence in the
real world but rare in laboratory tasks, Provided that people inhibit their
Spretransition actions, there should be little Interference with performance of
post-transition tasks. However, the change task has not been explored very
broadly, so it is not clear how far the lack of refractory effects will general-
ize. More research is needed. In particular, it will be important to vary the
demands of the post.transition task, as post-transition tasks have been rela-
tively simple in previous research (but see Logan, 1983).

In concasion, :he data suggesi that actiUni can be stopped ve,,y easily
and rapidly. The difficulty of is stopling action depends somewhat on the
compilxity of me action being stopped and on the selectivity of the stop-
ping response. Studies of the change task suggest that successful inhibition
has few carryover effects for subsequ2i.' actions, which is good news for
workload transition situations,

Implications for Workload Transition

While the research on task engagement, change. and task stopping has
been carried out in fairly basic laboratory paradigms, it is possible to specu-
late to some extent on generaizations that might be made to more complex
high-workload environments.

Engaging Tasks

Engaging tasks take time and resources, Task engagement can be rela-
lively leisurely in low-workload situations, but when workload suddenly
increases, time pressure increa.es substantially and there may not be enougP
time Ior engagement. Research suggests that the time for str:rtegy engage.
ment can be reduced in several wiys. First, the engagement process can be
automatized (see als:' Chapter 3); the more practice. the faster the engage-
ment process. Again, automaticiky is specific, so it will be important to
tlain ?ngagement of each strategy or task separately. In principle, engage-
ment is different from choice, anO availability of alte,,,atives does not imply
the ability to engage them quickly. Trainees shoulu practice rapid engage-
ment.
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Second, the engagement process can be sped up by reducing the degree
of choice; the fewer the alternatives, the faster the engagement. The tank
commander can reduce the degree of choice for subordinates (i.e., by order-
ing specific alternatives). That would make engagement easier for the sub-
ordinates but it may substantially increase the workload of the commander.
A clear chain of command can reduce the degree of choice for commanders
and subordinates alike; neither will have to ponder suggestions from unau-
thorized sources (e.g., "Is that a t -T.-nand or a suggestion?") or decide
between conflicting directives (e.g., "Should I obey the sergeant or the
lieutenant?").

Third, the engagement process can be sped up by making the conditions
for engagement highly discriminable. Fortunately or unfortunately, there
may not be much to do here. On one hand, high-workload situations are
compelling perceptually (to say the least) and therefore are easily discriminable
from low-workload situations, On the other hand, many of the high-workload
situations we are considering are either adversarial (onset of combat) or
noncooperative (fires or medical emergencies) and therefore cannot be engi-
neered to make conditions more discriminable. One has to take what one
gets. However, discrimination can be improved by practice; the performer
can be engineered even if the situation cannot,

Disengaging Tasks

Disengaging tasks should not be much of a problem in workload transi-
tions. Tasks can be disengaged very quickly whether the task is simple or
complex, whether the performer is novice or skilled. Stopping time de-
pends on the discriminability of the stop signal, but discriminability should
be very clear in workload transition situations (e.g., it should be easy to tell
when a battle begins), Disengagement may be difficult when some activi-
ties must be stopped while others continue (i.e.. when stopping is selective),
but even then, stopping times are typically less than one second. Studies of
the change task suggest that it should be relatively easy to stop one task and
begin another, though existing research has not investigated changes from
low- to high-workload tasks. In general, more research would be desirable,
particularly in workload transition situations, but the data so far are encour-
aging.

The high stress in workload transition situations may make disengage-
ment difficult. Foilowing the Easterbrook (1959) hypothesis, the high arousal
associated with high stress may narrow the range of cue utilization and
render the performer insensitive to stop signals. Indeed, case studies of
real-world accidenth and incidents reveal many example,, of such undesir-
able cognitive tunneling (e.g,, Three Mile lsland--Rubinstein and M%.Qnn,
1979).
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TASK PRIORITY MANAGEMENT

The research of Logan and others on task switching described above
has laid the foundation for an understanding of the time course and relative
ease of activity switching, but it has intentionally focused on research para-
digms in which the destination activity of the switch was well defined and
the overall time frame of the switching process was short, within a second
or so. We now discuss data in which both the identity and the time of the
particular tasks to be performed are less constrained, and the time frame of
performance is on the order of minutes or longer.

Our interest here is in the nature of human operator task management
strategies: the appropriateness of human behavior in selecting what task to
do when (Adams et al., 1991). Turning to the operational community, one
can find numerous examples of aircraft accidents (in National Transporta-
tion Safety Board (NTSB) reports) and incidents (in NASA Aviation Safety
Reporting System (ASRS) data) that have resulted from failures of effective
task management. Here, for example, one might consider a pilot so preoc-
cupied with geographic orientation that the key task of flight control is
neglected and the aircraft is stalled. In this case the optimal task manage-
ment strategy dictated by the adage "aviate-navigate-communicate" is vio-
lated. I ne account of the Eastern Airlines L1011 crash into the Everglades
in 1972, when the flight crew, preoccupied with a landing gear problem,
failed to monitor their altitude, is another example (Wiener, 1977). Indeed,
significant altitude deviations resulting from task neglect reflect a major
concern in the aviation industry because of their growing frequency of oc-
currence (Granda et al., 1991).

Two general features would seem to be heavily responsible for the
success or failure of individuals to appropriately ianage tasks in situations
such as those described above. First, it is apparent that good situatioln
awareness is a key component. Situation awareness describes an under-
standing not only of geographic orientation, as described in Chapter 7, but
also of the state of systems under the operator's control (a breakdown here
was partially responsible for the Three Mile Island incident discussed in
Chapter 8) and the current responsibilities assumed by equipment automa-
tion and by other members of the team. Good situation awareness provides
a context or background within which different tasks can be more appropri-
ately selected or dropped. The concept of situation awareness remains
somewhat ill-defined, but recent theoretical treatments by Sarter and Woods
(1991) and by Adams et al. (1991) have made major advancements in link-
ing the concept both to existing empirical data and to psychological con-
cepts from cognitive psychology.

A second feature critical to effective task management is the concept of
task priority, and the implicit or explicit assumption that the optimal task
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manager will possess a mental priority scale that can provide the basis for
appropriately shedding tasks when workload becomes excessive and resum-
ing (or assuming) tasks wher workload is relieved. In spite of the impor-
tance of this concept, there appears to be few data to indicate the effective-
ness of subjective priority in driving task management in operational environments.
What evidence Is availaole comes from a set of partially, but not entirely,
relevant research domains,

First, we may refer to the National Transportation Safety Board and the
Aircraft Safety Reporting System reports on maladaptive task management
strategies (Williams et al., 1992). These reports are important because they
illustrate the existence of a problem that has major implications for air
safety (e.g., the Everglades crash referred to above). Yet, like all accident

* and incident reports, these accounts provide a tenuous base from which to
draw firm conclusions regarding the precise causes of the failure to priori-
tize tasks. Was it a lack of training? A high level of stress? Poor cockpit
design? Poor procedures? Accidents and incidents are usually ambiguois
as to their cause.

A second relevant domain is the laboratory research that has been car-
ried out regarding the manipulation of task priorities in dual task perfor-
mance, following the pioneering work of Gopher and his colleagues (Go-
pher and Navon, 1980; North and Gopher, 1976; Wlckens and Gopher, 1977;
see also Goettl, 1991; Sperling and Dosher, 1986; Tsang and Wickens, 1988;
Vidulich, 1988). This work generally reveals that, under controlled labora-
tory circumstances, subjects can fairly accurately modulate the performance
level of the tasks in proportion to the implicit or expilcit priority given to
the task. Furthermore, there appears to be recent evidence that the skill of
priority-based performance modulation learned in the laboratory is one that
transfers to the operational environment of the aircraft cockpit (Gopher,
1991). Yet even in this domain there are hints of occasional failures. For
example, Wickens and Liu ('988) have pointed to a phenomenon oi' "pre-
emption" in which a lower-priority discrete auditory task may interrupt or
preempt the performance of a higher.priority visual one, a preemption that
will not take place if the discrete task is visual. Cumming and Croft (1973)
note that people may sometimes fail to recognize or anticipate a change in
task demands. Clearly, altitude busts in aviation represent failures to appro-
priately allocate resources to this monitoring task; in the hospital trauma
center, one can imagine circumstances in which monitoring of key aspects
of a patient's status may be neglected because of high attention demands
associated with other aspects of the trauma.

A third domain of data derives from studies that have been carried out
from an engineering perspective, based heavily on the formal treatment
provided by queuing theory (see Kleinmann. 1991; Moray, 1986; Moray et
al., 1991 for good reviews). While much of this work describes the sam-
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piing of visual channels (i.e., optimality in a perceptual sense), studies by
Tulga and Sheridan (1980), Pattipati et al. (1983), and Moray et al. (1991)
considered optimality of task selection using a paradigm in which tasks
were represented as boxes moving across a computer screen timeline. Tulga
and Sheridan's conclusions regalrding the shortcomings in human anticipa-
tion when tasks become too nuitrous are important, as is Moray et al.'s
(1991) recent work examining performance when optimal schedules become
too complex, However, It is not immediately clear how generalizable data
are from paradigms in whiclý isks are visibly viewable and symbolically
represented as boxes in a displayed queue, to those circumstances in which
tasks may have various forms of visible or nonvisible evidence for their
existence. That is, a waiting task may be an action to be performed that is
not triggered by a perceptual event, thus introducing prospective memory
(Meacham and Leiman, 1972) as an added (confounding) factor.

Finally, there are a few studies that have examined task management
strategies in complex environments with real tasks (Adams et al., 1991).
Puffer (1989) studied how students managed the completion of assigned
tasks having varying attributes (boredom, difficulty) over the course of a
semester, She found that earlier completion of tasks resulted in superior
performance, and that more difficult tasks were completed later. However.
the time scale of one course semester is far longer than the scale of minutes
or a few hours involved in most operational tank engagements. Chou and
Funk (1990) and Ruffle-Smith (1979) have examined task scheduling and
shedding in high-workload aviation simulation environments, but their re-
search did not extract general principles regarding the form taken by this
scheduling.

Two investigations by Wickens and his colleagues examined the degree
to which aviators optimally employed task priority as a means of scheduling
tasks. That is, were higher-priority tasks consistently performed over those
of lower priority when a conflict of demands was present? In both studies,
prioritization was examined in simulations in which sudden increases in
workload were imposed by unexpected time pressure.

To investigate these issues, Segal and Wickens (1990) required licensed
pilots to fly a .ieries of simulated low-level flight segments on a computer-
based helicopter simulator. Subjects needed to perform tasks of three well-
identified levels of priority: the primary task of flying an accurate altitude
and navigating accurately, a secondary task of solving spatial location prob-
lems, and a tertiary low-priority task involving discrete keyboard entry to
be performed wh•,n time allowed.

Collectively, the results of the experiment indicated that pilots per-
formed reasonably optimally in thir task management strategies. The pri-
mary tasks of both vertical and lateral flight path control were protected
from the degrading effects of higher-workload demands. The secondary
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side task was degraded in its accuracy (but not postponed) during higher-
workload periods, while the tertiary housekeeping task was simply riot per-
formed (or performed less often) when workload was high. Still, two note-
worthy departures from optimal performance were identified. First, when
subjects were given the opportunity to reschedule performance of lower-
priority tasks to avoid high-workload periods, they did not avail themselves
of the opportunity to do so. Instead, they allowed performance on those
tasks to suffer during high-workload periods. Secondly, there was some
tendency to procrastinate in the performance of the discrete secondary and
tertiary tasks; pilots delayed the performance of these tasks rather than
performing them early in each flight.

One noteworthy aspect of the experiment was observed in the benefits
of preview. Those pilots who were given reliable information regarding the
existence of upcoming workload transitions (increases or decreases) per-
formed better on many aspects of the task ensemble than d!J pilots without
such preview, a finding with relevance to the importance of reliable forecast
information,

The value of previewed intelligence information In strategic task man-
agement should not, however, always be accepted uncritically, particularly
If the preview is unreliable. Some studies have shown that preview in task
management and scheduling can be detrimental if it Is not entirely reliable,
or if It is presented in such a way that the visual attention required to
integrate and interpret the preview information competes with processing
information regarding present system statuw (Sanderson, 1990; Wickens et
al., 1991).

Raby et al. (1989) also performed an aviation-related study of strategic
task management in which pilots flew an instrument flight simulation through
airport landings at low, medium, and high levels of workload, As in the
Segal and Wickens study, continuous flight performance measures were
recorded, tis well as discrete tusks of various levels of priority, as assessed
by an independent group of observers. As in the helicopter simulation
study, here too pilots adhered reasonably well to the imposed priority scheme,
However, their adherence was imperfect, as they did allow flight pertor-
mance to suffer as workload increased but did not allow their performance
on high-priority discrete tasks to deteriorate, In fact, the amount of time
devoted to the latter tasks actually increased as time pressure (and workload)
increased, Within the set of discrett tusks, pilots showed reasonable optimality,
devoting progressively less time to lower-prih.rity tasks at higher levels of
workload. Also, in agreement with the results of the Segal and Wickens
(1990) study, it was observed that subjects failed to reschedule those tasks
of lower priority. They simply abandoned their performance or did them
less accurately.

Although tlhe levels of stress in these two simulations imposed by time
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pressure and high workload were far less than that imposed in battlefield
conditions, the simulations do suggest that appropriate task priorities can be
maintained under sudden increases in workload. But they suggest a failure
to appropriately reschedule when lower-priority tasks are performed around
intervals of lower workload. Such a finding has implications both for the
possible utility of task management training and the implementation of computer
models of human task scheduling (Shanker, 1991), arguing that these sched-
uling routines need not be too complex. Equally important are the implica-
tions of the preview benefits observed by Segal and Wickcns and reinforc-
ing the points made in Chapter 3. The preview can be valuable, if it is
reliable and well formatted. Yet it remains evident that full confidence in
generalizing these results to operational environments awaits further valida-
tion research in complex scenarios.
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10

Team Leadership and
Crew Coordination

Effective leadership and communications among crew memLn~rs are nec-
essary to ensure optimal team performance during a workload transition, It
is necessary for the tank commander to direct the actions of the crew mem-
bers to form an effective team and to coordinate the actions of his tank with
those of other tanks and combat units, The tank environment is a classic
example of a small work group embedded In a multigroup setting-a situa-
tion demanding effective leadership and crew coordination.

The critical issue is that crew performance must be considered as a
team endeavor. While this statement scems to be belaboring the obvious,
training in many, if not most, team activities focuses on individual tasks,
and evaluation concentrates on individual performance and error, For ex-
ample, operating teams are composcd of surgeons, anesthesiologists, and
supporting nurses for each. Medical training, however, concentrates on the
specialty, with the implicit assumption that the subgroups will coordinate
their activities effectively when they come together to deal with a patient.
A growing body of evidence suggests that, when teams face sudden transi-
tions from routine procedures to a medical emergenmv. coordination can
break down and conflicts can occur (Howard et al., in press). Similarly,
although flying a modern jet transport, patrol aircraft, or homber is patently
a team endeavor, the formal evaluation and certification of pilots have his-
torically concentrated on individual proficiency. What is characteristically
lacking is attention to /rot cesse by which teams as a unit accomplishl their
tasks.

Within this context, the key to tiuccess in effecling a transition from a
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E.Andby or vigilance status to an action (combat) posture is in keeping each
crew member alert, fully apprised of the operational situation, and prepared
for coordinated action. Maintaining a cohesive, efficient team is made
more difficult in the tank environment by the fact that communications are
degraded by the physical layout and habitability of the vehicle. As noted
earlier, face-to-face interaction is generally precluded, with intracrew com-
mrunications takikig place over interphones and interunit communications by
radio. Several channels of communications operate simultaneously, creat-
ing a need to monitor and screen communications for relevant information.
Chemical or nuclear alerts require MOPP gear, which further increases dif-
ficultie., in communications. Crews transitioning to combat may have spent
several days in cramped, poorly ventilated, readiness conditions h! or near
their tank. It is possible that when the sudden need arises for effective,
coordinated communications and action, crew members will be in less than
peak physical and psychological readiness.

Clearly, the success or failure of tank crews (aý'd teams in general) in
* workload transition depends to a large extent on th,- flow of communication

among the team members. how this flow is affected by :iress, and how
these effects, in turn. are moderated by personality qualities of the team
leader and by the organizational structure.

Somewhat relevant here is an extensive literature on group decision !
making and problem solving (see Davis, 1992, or Hastie, ! o86. for a good
synthesis). The vast majority of this research has been involved with fairly
abstract tasks. Nevertheless, certain conclusions from thi3 work are worth
summarizing:

(1) Generally, performance of a group solving a probiem or reaching a
decision falls somewhere between the average of the individual competen-
cies of group members and the performance of the most competent mem-
bers, Confidenre in decision quality is generally higher than individual
competence.

(2) Where performance ranges between these limits depends on a num-
ber of other factors: performance appears to be a function of (a) how
clearly dernonntrable is the correct solution, (b) the length of time the orga-
nization remains constituted (improves), (c) the nature of factions that form
within the group, (d) the size of the group (improves up to five members),
and (e) the persuasivenes:, and status of more competent (improves) or less
competent (degrades) members.

(3) There is little evidence that different structural techniques, such as
Delphi o, brainstorming, systematically improve decision performance (Hastie,
1986)

(4) Ther', is :;ome evidence that face-to-face settings are beneficial. It
also appears that comp. ter-mediated communications allow less dominant
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group members to provide more input. Group decisions reached iii this
computer-mediated manner tend to be more extreme but not uecessarily of
higher quality (Kiesler andi Sproull, 1992).

As noted above, most of the studies have employed fairly abstract task,,.
(some of the work on jury verdicts is an exception), using naive subjects, in
nonstressed conditions, and groups that were constituted spei:lfi -illy for the
purposes of the experiment. These characteristics somewhait limit the
generalizability of these conclusions to team performance in crimvs. the fo-
cus of this report. To address the latter domýT,! we turn instead to one
environment-the aircraf. cockpit-in which a substantial amount of mel-
evant research hatj been condu tted. Hence, the cickpit eivironnvmmt is die
primary focus of this chapter.

AVIArION RESEARCIP FINDINGS Ohq L~tADKSHIP
AND CREW. CO ORDINATION

On i!eliminary examination, rniny issues see!m common to tank crews
and flight crews. One, nf course,. is song periodsý of passive vigilance,
which may be supplanted by a high-wctrkloatd period with high needs for
effective, coordinated behavior. A tie,.nd is 4 hgl volume of (often de-
graded) multichannel communication6 ond the n'itd to co'mprehenrd and ac;t
oni critical information embedded in extraneuu transrri.~,ion%, Also comn-
mon to many flight as well as tank operations aro high lovfls of fatigue. that
may impair individual and group function. FiTldlly. the psychological sense
of danRer and tire possibility of fatality following an inflight emergency is
certainly common with the tank crew facing buttle.

The physir ' !nvironment of the tank its also clearly less benign and
provide% less (j, , .Jrtunity for face to-face interaction than does the aircraft.
It is alsv possible that the decision-makinv and information processing tasks
incu-nbent in tank warfare are less dependewi on open communications among
crew members, making the issues cited above less serious in this environ-
ir~ent. it is possible that the military chain of %command and organizational
structure may override individual and group idiosyacrasies and result in
effective information transfer. even under highly stressful situations (or,
conversely, may impede effective interaction).

Despitc these caveats. examinatioti of crew performance issues in other
military environments, such as shipboard combat information centers, and
demanding civilian settings, such as nuclear powev plant control rooms and
hospital emergency rooms, leads to the tentative conclusion that teami effec-
tiveriess depends hcavily on effective resource management; that is, person-
nel withi the team share information effectively and are appropriately co-
ordinated in their monitoi-ing and task performance responsibilities. In fact,
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a root cause of the majority of accidents involving aircraft witii multiperson
crews has proved to be breakdowns in leadership and coordination among
crew members resulting in flawed decision making ana improper actions
(e.g., Cooper et al., 1979).

Analytically we address the role of coordination or resource manage-
ment in transition teams in this chapter by first describing crew resource
management training. We then consider the influences on effective voice
communications. Finally, we focus on the broader implications of research
on coordinated activities within the team, addressing factors related to orga.
nizntional clitnate, leadership, and persotiality (e.g., Foushee, 1984; Foushee
and Helmreich, 1988; H,-Imrmich et al., in press; Helmreich and Foushee, in
press). Many of the valid conclusions in these domains come directly from
research in aviation; this domain therefore represnts the focus of much of
this chapter.

CREW RESOURCE MANAGEMENT TRAINING

The aviation community has responded to ciidence that failures in team
coordination have been implicated in a majority of commercial jet transport
accidents by initiating formal training in communications and groip coordi-
nation, known generically as crew resource management (CRM) training.
Early courses grew out of traditional management development !raining, but
recent programs have evolved to deal with very specific behaviors and
encompass full mission simulation (Line Oriented Flight Tr'ining or LOFT)
designed to require high complex decision making and group coordination
under conditions with a high level of time pressure (Butler, in press; llelmreich
and Foushee, in press). This integrated approach to training is augmentel
by videotaping thc. simulator session and an intensive debriefing that allows
crews to observe their own behavior (Butler, in press).

Validation research in commercial aviation has shown highly signifi-
c:ant changes in crew member attitudes and, more critically, positive changes
in behavior In operational settings fcllowing training (Helmreich and Wilhelm.
1:991), Critical elements that determine the success of CRM training in.
clude not only courses that address concrete behaviors rather tha." lbstract,
psychological constructs, but also strong organizationA! suppat thr con.
cepts taught and recurrent training accompanied by cuntinuing feedback and
reinforcement for the practice of effectiý teamwork (Chidester, in press;
Helmrmich and Foushee, in press).

The succr of CRM training in avietion has resulted in the adaptation
o" the approut;a to other settings in which effective teamwork is essential
for mission success. rhese include operating room teams using simulated
patients and videotaped interactions (Howard et al., in press), aircraft main-
ternance groups (Taggart, 1990), and nuclear power plant control rocm teams.
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The Federal Aviation Administration is also developing plans to adapt CRM
training for air traffic controllers.

Given the conceptual similarities, it would appear that the outcomes of
tailoring these training approaches to the tank environment would have a
high probability of nuccess, not only in improving transitions from monitor-
ing to action, but also in improving overall team effectiveness. This ap-
proach wovld seem to fit naturally into the types of simulations accom-
plished using SIMNET.

VOICE COMMUNICATIONS

Breakdowns ih communications between and within aircrews have been
documented as a major source of human error and potential disaster (Hawkins,
1987; Nagel, 1988). The most salient example is the decision made by a
KLM 747 pilot at the Unerife Airport in the Canary Islands to proceed with
a takeoff, despite the presence of a second jumbo jet still on the runway
(.-lawkins, 1987), The resulting collision led to over 500 fatalities. Three
features of this accident are worthy of analysis because of their similarity to
characteristics of the tank crew environments: (1) the auditory quality of
the message was poor-a degradation that may be caused by high ambient
noise or by electronic "clipping" of radio messages; (2) the communications
were not face-to-face, thereby eliminating many of the nonverbal cues that
have been documented to improve communications, particularly with ue-
graded speech (Chapanis et al., 1972; Kryter, 1972); and (3) the environ-
ment was stressful (although not involving the stress of combat), The flight
crew was ovi the fin~al leg of a long and fatiguing international flight, weather
conditions (and visibility) were rapidly deteriorating, and there was obvious
time stress to proceed with the decision action (takeoff) as soon as possible,

These potuntially degrading characteristics of communications may be
balanced by a list of other factors that can foster good communications.
PestrictinS vocabulary and smandardization reduces the possibility of con-
fusing messages, and introducing redundancy, by repeating key messages or
key words or echoing auditory with visual displays, ensures that ambiguous
or unexpected messages arc not interpreted incorrectly, Many short mes-
sages can be better understood by providbig o redundant verbal context, like
"your fuel is low," rather than "fuel low." The likelihood of misinterpreta-
tion (and the resulting need for redundancy) is particularly high whenever a
message involves conveying information that is unexpected, or negating a
statement (e.g., do not proceed) as was the case with the KLM flight. In
general, affirmative communications are better understood and more reli-
ably received than negative messages (Wickens, 1992). Using acknowledg.
ments and read-backs can trap errors before they are execut.-d (Helmreich
and Foushee., 1988).
iS

.....................................
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Within many multicrcw teams, the issue of confusion of the message
source is also a very real danger. A large research base in experimental
psychology has documented the likelihood of confusion of the source of
verbal and nonverbal auditory messages that may be heard simultaneously
or in close temporal proximity (Hirst, 1986; Treisman, 1984; see Wickens,
1984, for a summary). Within the tank, this confusion could result between
messages intended for any of the four crew members. For the tank com-
mander, this confusion might well be enhanced by the need to monitor both
intratank and intertank (i.e., company and battalian level) communications.
Research data indicate that confusions of this sort wi!I be lessened (but not
necessarily eliminated) if different channels can be made physically dis-
tinct-by different voice characteristics, modulation, or apparent spatial lo-
cation (Treisman, 1964) or by some other clearly discriminable (perhaps
visual) cue identifying whom Is speaking what.

Flight Deck Communications

(Communication patterns among crew members have proven to be the
Rosetta stone for understanding the nature of effective and ineffective flight
crew pertormance. Because the flight deck is a constrained environment
with well-defined crew roles and well-defined tasks, variations in the qual-
ity, quantity, and nature of communications are relatively easy to isolate and
quantify. Cockpit voice recorders provide a tangible record of communica-
tions in accidents in which crew performance is implicated, and high-fidel-
ity simulators allow experimental manipulation of critical factors and tests
of hypotheses regarding determinants of performance.

Foushee and Manos (1981) pioneered a methodology of coding the
interpersonal interactions of flight cr.aws from audio tapes of cockpit com-
munications. Their seminal work grew out of an experimental simulation
conducted in a Boeing 747 simulator (Ruffle-Smith, 1979). This study
comisted of a simulated mission 'lown by volunteer line crews from an
airline's B747 fleet. During the two-segment flight there were several equipment
malfunctions requiring the diversion of a scheduled trans-Atlantic crossing
under deteriorating weather conditions. Foushee and Manos found that
crews with a higher frequency of operational communications and informa-
tion exchanges committed fewer operational errors and had a more even
distribution of workload during critical phases of flight.

Subsequent work has resulted in the development of coding schemata
that allow precise delineation of the group processes involved in normal and
emergency situations. These have been applied both to experimental simu-
lations and to the cockpit voice recorder tapes and transcripts from aircraft
accidents and incidents (Kanki and Foushee, 1989; Kanki et al., 1989).
These schemata allow specification of the content of information exchange,
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sequences of communications among crew members, and shifts in commu-
nication patterns during periods of high stress and/or workload. Work in
progress by Predmore (1991) further categorizes communications in terms
of action decision sequences (ADS), interactions dealing with particular
tasks or decisions that face crews in normal and abnormal circumstances.
Using data from accidents and from an experimental simulation flown by
three-person crews in a NASA B727 simulator, he is exploring the patterns
that emerge when crews have to deal with multiple ADSs requiring immedi-
ate action. The data from all of these investigations indicate that there is
great variability in communications among crews faced with the same stressful
flight scenario and that effective crews exchange information and utilize
available resources better.

Systematic Observational Studies of Crew Performance

A methodology has also been developed for the collection of reliable
data on flight crew performance in both normal line operations and full
mission training in flight simulators (LOFT: Line Oriented Flight Training;
Butler, in press). In this methodology, expert raters observe crews and
make real-time assessments of crew behavior and performance. Data are
collected on a rating form, the NASA/UT Line/LOS (Line Operational Simulation)
Checklist (Helmreich et al., 1990a, 1990b, 1991) that elicits Likert-scaled
ratings of elements of communications practices that have been identified
as critical determinants of team performance. Also recorded are comments
on special circumstances and unusual reactions. In addition to global rat-
ings of technical proficiency and crew effectiveness, nine human factors
components are assessed: (I) conduct and quality of pre-event briefings;
(2) effectiveness and openness of communications and processes of deci-
sion making: (3) inquiry/assertion/advocacy-the willingness of crew mem-
bers to question proposed actions and decisions and to propose alternatives;
(4) crew self-critique of decisions and actions: (5) leadership/followership,
(6) interpersonal relations and group climate: (7) preparation/planning/vigi-
lance; (8) workload distribution and avoidance of distractions: and (9) con-
flict resolution (when occurring),

Training in the use of the form centers on the concept of specifically
defined behaviors (called behavioral markers) that represent effective enact-
ment of the components of each of the nine elements, Data from more than
10,000 actual or simulated flight segments have been collected in several
airlines and military units, Of particular concern is isolating the factors that
trigger superior and poor overall performance. Comparable data from two
airlines show similarities, but also organizational differences, in the deter-
minants of performance. In one organization, the most frequent causes
of poor ratings were (1) poor critique, (2) poor inquiry/assertion/advocacy,

I_ -
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(3) ineffective conflict resolution, and (4) poor management of distractions.
In a second airline, poor performance was associated with (1) poor inquiry/
assertion/advocacy; (2) poor management of distractions; (3) inadequate
briefings; and (4) ineffective conflict recolution. In the first airline, supe-
rior performance ratings were triggered by excellence ir. (1) preparation/
planning/vigilance; (2) establishing a positive group climate; (?N hriefings;,
and (4) conflict resolution. In the second airline, the most freq,.-.. caugss
were (1) group climate; (2) briefings; (3) conflict resolution; and (4) leader-
ship/followership.

Flight operations, particularly long flights involving extended periods
of cruise at high altitude, are characterized by periods of low a..tivity and
system monitoring followed by transition to high workloads during terminal
approach and la, .,..g, Inflight mechanical emergencies and changing weather
conditions also o;ad to abrupt workload transitions. The factors cited above,
as they detern ý.,e overall crew performance, also determine readiness for
workload transitions and the effectiveness of such transitions,

Leader Behavior

A common element in the observational data on crew performance and
in analyses of the causes of accidents is the actions of the designated leader,
The captain of an aircraft bears ultimate responsibility for the management
of the flight deck, the provision of briefings, planning, management of
workload, resolution of conflicts, and the climate of the group. Recogniz-
ing that successful performance is a group endeavor requiring the conrdi-
nated activities of all members, the leader remains the most important single
component. Two patterns of leader behavior have been isolated as causal
elements in many accidents and sources of poor performance in experimen-
tal simulations (see, e.g., Chidester and Foushee, 1988). One pattern is
characterized by autocratic behaviors that inhibit communication from sub-
ordinates and result in a hostile group climate, leading subordinates to with-
hold critical information, even when it is needed to avoid catastrophe, An-
other reflects a leadership vacuum and failure to coordinate and guide the
actions of group memberc. An important study by Ginnett (1987) examined
leader behaviors surrounding initial crew briefings as they relate to crew
performance. Ginnett observed airline crews from initial briefings threugh
a three-day scheduled trip. The crews he followed were classified into two
groups by independent expert observers. One group had captains who were
rated as outstanding in terms of observed leadership and crew coordination.
The second had captains who were rated as deficient on these dimensions,
Ginnett found that he could predict the overall performance of the crews
from behaviors manifested during the initial briefing, Effective captains
consistently established a positive group climate and bases for open corn-

_____
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munications during the briefing. They also expanded the definition of the
crew to include cabin personnel and stressed role definitions. Leaders of
ineffective crews showed a variety of behaviors but failed to establish the
crew as an integrated team,

Leader Personality

Attempts to isolate personality traits associated with effective leader-
ship have resulted in a large literature with many conflicting findings (Hol.
lander, 1985). Part of the difficulty in isolating global factors stems from
the fact that requirements for leadership are not conmmon to all groups and
are contingent on the group's structure and the nature of task to be accom- 4

plished (Fiedler, 1964).
Efforts to use personality traits to select pilots (who ultimately become

leaders of their flight crews) have similarly had mixed outcomes (e.g., Dolgin
and Gibb, 1988). Problems with the predictive validity of personality mea-
sures in aviation may stem from the nature of the performance criterion
employed. The overwhelming majority of the research on pilot selection
utilized either performance in Initial training or success or failure in com-
pleting training as the criterion measure. Research by Helmreicli et al.
(1986b) found personality to be a poor predictor of job performance imme-
diately after completion of training but to have significant relationships
with objective performance measures after six and eight months on the job.
This phenontenon has been labeled "the honeymoon effect," and it is inter-
preted as reflecting the fact that initial motivation to obtain a desired posi-
tion may initially overcome the influence of personality on performance,
With the passage of time and familiarity with the work role, however, the
underlying relationships between personality and performance emerge. This
implies that, it the critorion is tht operational performance of experienced
pilots, personality may be a valid predictor of leader and crew effective-
ness. Recent research supports this view. A set of traits reflecting positive
and negative manifestation of two broad, orthogonal dimensions has been
used in research with flight crews (Spence and Helmreich, 1978; Helmreich
and Spence, 1978), The first dimension consists of traits associated with
achievement motivation and instrumental goals (with the negative compo-
nent reflecting an autocratic, dictatorial orientation). The second consists
of traits defining expressivity and interpersonal sensitivity (with the nega-
tive components reflecting either subservience and passivity or verbal ag-
gression).

To reduce the personality battery to a smaller set of categorical factors
and to reflect the distribution of component variables in the research popu-
lation, cluster analytic techniques were employed to isolate frequently oc-
curring constellations of traits (Chidester et al., 1991), In a validation of

a
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these personality constellations and their relationships with flight crew per-
formance, Chidester and Foushee (1988) conducted a two-day experimental
simulation in. a Boeing 727 simulator using line airmen assigned to this
aircraft. Three experimental groups were formed based on the personality
cluster assignment of the captain. The first consisted of crews led by a
captain with high levels of positive, instrumental traits and high levels of
positive, expressive traits (a group labeled as having the "right stuff"). The
second group had captains from a cluster characterized by high scores on
negative instrumental traits (e.g., domineering, autocratic) and low levels
of positive expressivity (labeled as having the "wrong stuff"). The tlird
group of captains were low on both positive instrumental and positive ex-
pressive dimensions (labeled by default as having "no stuff"), 1

Each crew flew a two-day simulation Involving five flight segments
. with two having high workloads, adverse weather, and mechanical prob-

lems. Significant differences In performance (based on expert ratings and
objective measures of errors) were found as a function of the leader's per-
sonality. Crews led by "right stuff" captains performed best across all flight
segments; those led by "no stuff" leaders performed worst under all condi-
tious. Crews led by "wrong stuff" captains performed badly on initial
segments but showed much improvement in performance by the second-day
segment involving high workload and mechanical abnormalities. A theo-
retical explanation for the latter finding Is that crew members became able,
over time, to cope with the domineering leader who had strong achievement
motivation although he was lacking In interpersonal skills. No interper-
sonal strategies appear to have allowed crews to overcome the problems
caused by captains lacking in both achievement motivation and interper-
sonal skills.

These personality dimensions have also been shown to relate signifi-
cantly to the acceptance or training In crew coordination concepts as mea-
sured by changes in attitudes regarding appropriate leadership and interper-
sonal communications (Chidester et al., 1991:, Helmreich and Wilhelm, M9A9),
Those high on both Instrumental and expressive dimensions ("right stufr))
show the strongest positive, attitude change, Those in the other two clusters
showed much less chaiige, and there was evidence that training actually had
a regression effect for those low on both dimensions ("no stuff"), A theo-
retical explanation for the latter finding is that those lucking in attributes
whose importance is stressed in leadership and crew coordination training
are threatened and respond defensively by changing their attitudes away
from the direction advocated.

It is obvious that the personalities of junior crew members also play a
role in determining the overall effectiveness ol work groups, The multiplic-
ity of combinations possible even in very small groups has had limited
empirical Investigations and the research base remains spisrse.

*
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Automation, Leadership, and Crew Coordination

The introduction of more automated flight management systems has
created major changes in flight operations. This has resulted in a reduction
in crew complement from three to two. even in widebody aircraft involved
in long transoceanic flight, Empirical data are just beginning to accumulate
regarding the impact of automation on leadership and crew interaction (Wiener,
1988, in press). One finding Is clear: automation, especially with a re-
duced crew complement, results in a redistribution of workload and may
lead to higher levels of workload, especially when reprogramming of flight
management computers is required during critical phases of flight suct. as
airport approaches (see also Chapter 3). On a theoretical level, automu, ,
of the flight deck may shift the balance of authority away from the captain.
In many Instances, the copilot may be assigned primary responsibility for
programming the flight management system, This can have the unintended
effect of shifting information control and, hence, de facto control of the
night to the more junior crew member,

Another outcome of atitomation is a tendency, implicated as causal
factor in several accidents Involving automated flight systems, to allow the
computer to retain control even In situations in which reversion to manual
flight is indicated by evidence of computer malfunction or excessive repro-
gramming requirements. In some ways this phenomenon, which has been
labeled "automation complacency," is another form of erosion of leader-
ship.

Systematic studies of crew behavior in automated aircraft are just be-
ginning, A recent NASA study contrasted the performance of crews flying
the same scenario during an experimental simulation flown either in a con-
ventional DC-9 or an automated MD-98 (Wiener et al., 1991). The results
provide some justification for concern over the impact of high levels of
automation. Although there were generally few differences in performance
of the highly automated (MD-88) and less automated (DC-9) crews in their
effectiveness in dealing with simulated intlight crisis situations, those dif-
ferences that were observed tended to favor the DC-9 crews. It is clear that
prior to finalizing the design of automated systems either for aircraft or for
tanks, simulations that examine the dynamics of crew interaction and per-
formunce should be conducted and the results of such investigations should
guide hardware development and crew training practices.

Organizational Cultures and Subcultures

Another factor that has been implicated in crew coordination is the
culture of the organizations or subunit within organizations in which crews
operate (Hackman, 1987), Embedded in the larger study of crew perfor-

j
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mance have been surveys designed to measure crew members' attitudes
regarding optimal crew management (Cockpit Management Attitudes Qus.s-
tionnaire (CMAQ): Helmrekoh, 1984; Gregorich et 4,. 1990). Data have
now been collected from moicc than 20,000 crew , , ý n military and
civilian organi7ations in the United States an'" ,, ,. .14e data indicate
that, even in a highly regulated environment, ,, .,atlons and units within
them (for example, particular aircraft fleets or uases) show highly signifi-
capt differences in attitudes indicating the presence of unique norms regard-
ing appropriate behavior that may or may not have formal sanctions. These
attitudes have operationdl significance and have been validated as predic-
tors of crew performance in line operations (Helmreich et al., 1986a). In
addition, systematic observational research confirms significant differences
In crew performance between aircraft fleets within particular organizations
(Helmreich and Wilhelm, 1989; Helmreich and Foushee, in press; Clothier,
1991).

Ethnographic research into organizational cultures and their develop-
ment and manifestations in crew behavior is under way under a cooperative
agreement between J. Richard Hackman (of Harvard University) and NASA.
One ultimate outcome of this research should be a better understanding of
how to change such norms in order to optimize crew performance. The
istiues involved are clearly relevont to the tank corps of the Army as evi-
denced by a review of culture and military performance by Tamir and Kunda
(1987).

ENGINEERING MODELS OF COORDINATION

One promising avenue uf research, addressing organizational factors in
a nonaviation team performance environment, has been the program of re-
search on distributed decision making carried out by Kleinman and his
colleagues at the University of Connecticut (Kleinman et al., 1992, Mino et
al., in press). Their approach departs from much of the research on group
processes by adopting an engineering-oriented quantitative modeling per-
spective. Examining teams of operators who may be in different physical
locations (i.e. not in face-to-face contact) and must solve e, common prob-
lem with different amounts of information available, they have formed a
number of tentative conclusions with direct relevance to the current issues,

For example, they find that human operators within a tevim tend to
overvalue their own information and tasks relative to others (Kleinman et
al., 1992); they observe the particular value of a coordinating Ilader in
times of stress induced by information overload (Miao et al., in press); they
document substantial differences in team performance induced by differing
perceptions of team goals that may be held by members at different vertical

I
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levels of the hierarchy; and they note the particularly debilitating effects of
uncertainty on team performance.

These effects are complex, and the conclusions, being recent, await
further replication. The approach, however, represents a much-needed di-
rection of research, modeling performance limits of mission-oriented teams.
Such research, with its controlled, laboratory-based approach, can be used
to provide convergence with the more observational techniques employed
by Hlelmreich and his colleagues in the air crew domain.

CREW PERFORMANCE RESEARCH

The preceding discussion reveals that a series of related actions to as-
sess the need for formal training in leadership and crew coordination are
recommended. Additional areas for action include assessment of the social
psychological impact of automation and reduced crew complement and in-
vestigation of the role of personality factors as determinants of crew perfor-
mance. First, an evaluation of the extent and nature of leadership and crew
coordination problems in tank crews Is needed, A number of methodologi-
cal approaches can be used to obtain a valid representation of leadership
and crew coordination issues in current battle tanks. These include:

(a) An examination of archival operational records from a social psy-
chological perspective to determine the extent of leadership, communica-
tionA, and crew coordination problems, Especially important is the isolation
of instances of extremely effective and ineffective crew performance, simi.
lar to that which has been undertaken with aircrews (see Ruffle-Smith,
1979).

(b) A survey of crew members to determine normative attitudes regard-
ing leadership, crew coordination, and personal capabilities under stressful
conditions.

(c) An assessment of communications patterns and their operational
implications for tank operations using the research paradigms employed in
aviation. A useful research strategy would be to obtain recordings of crew
communications (intra- and interunit) from a sample of tanks in both field
operations and simulations. Using adaptations of coding schemata em-
ployed in flight crew research, it should be possible to analyze communica-
tions to evaluate leadership behaviors, gaps in communication, failures in
information transfer, and situation analysis and awareness and decision pro-
cesses and tv', relate these to indices of unit performance. Comparative
analyses of communications protocols from differing organizations (e.g.,
European-based versus continental United States-based units) should pro-
vide some information on the possible existence of different organizational
cultures. In particular, protocols should be analyzed to determine the exist-
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ence of performance, communications, and crew coordination problems during
workload transition situations.

(d) Experimental simulations investigating leadership and crew coordi-
nation. An investigation of the effects of tank automation and complement
reduction on crew communications and performance is required, In addi-
tion to more traditional human factors analyses of crew task performance in
more automated units, it is vital to determine how crew interactions change
as a function of complement reduction, It is becoming increasingly clear
that this area was not sufficiently investigated with the introduction of so-
phisticated automation on the flight deck. The most viable approach would
be to conduct full mission simulations (including Interunit communications)
focusing on the crew interactions, vigilance, decision making, and task per-
formance, using as subjects crew members with experience levels represen-
tative of the tank force, The simulations should be of sufficient duration to
allow assessment of behavior during workload transition periods. Refine-
ment of coding schemata for analysis of intracrew and interunit communi-
cations should allow evaluation of the impact of. hardware and staffing

*, changes on group processes and performance.

It is important to note that the fourth crew member in current opera-
tional tanks may fill a number of critical roles affecting operational effec-
tiveness outside combat (e,g., watch standing, maintenance, etc.), In as-
sessing the operational significance of complement changes, it is critical to
examine all the operational implications of such changes, In particular, the
additional crew member could be more beneficial in workload transition
situations,

Second, an evaluation of the utility of formal training in leadership and
crew coordination should be conducted. Should the existence of significant
problems in crew coordination and comr inications be confirmed through
this research paradigm, the next logical step would be the adaptation of
existing training approaches in crew coordination to the tank environment
and experimental investigation of whether such training influences connmu-
nications processes and, most critically, crew peiformunce criteria. (It should
be noted that the Army is implementing this type of training lur rotorcraft
crews at the present time,) The training should focus on the particular
behavioral skills required for effective team functioning and should provide
clear exemplars of positive and negative leadership and interactions.

Tests of the efficacy of such training should include opportunities for
crew members receiving formal instruction, to practice the concepts learned,
and to receive feedback on their behavior. A conceptual analog to LOFT in
aviation is needed with operational scenarios designed to require effective
communications and coordination for mission accomplishment. While cur-
rent simulation training may serve some of these functions, experiences
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drawn from the incorporation of LOFT into flight training indicate that, to
be effective, the simulation scenarios must he designed to exercise the par-
ticular skills stressed in the formal training programs. Those charged with
administering the simulation training should be given special training in
evaluating and debriefing crew coordination and leadership. Utilizing video
or audio tapes of crew Interaction for both research and crew feedback can
greatly enhance the impact of the experience,

Finally, the role of personality as a determinant of tank commander and
crew member performance should be investigated. Recent evidence from
civil and military aviation suggests the importance of personality, especially
that of the leader, as a determinant of crew performance. It is recommended
that the operational significance of personality be investigated, first at the
level of the tank commander. Assessment of personality constellations of a
sample of tank commanders using validated measures in a no-jeopardy situ-
ation should be followed by exploration of the relationships between these
factors and leadership behaviors and crew interaction patterns, This evalua-
tion could be conducted both in field operations and experimental simula-
tions, Should it be determined that personality accounts for a significant
component of performance variance, the utility of several alternative strate-
gies can be evaluated. One strategy involves designing procedures to select
in for optimal characv'ristlcs, This strategy works well when there is a
substantial pool of qualified candidates. The alternative strategy, more fea-
sible when there is a limited pool of candidates, is to screen out those with
personality constellations associated with poor leadership and ineffective
crew performance,

Logical follow-on research would investigate the important;e of the per-
sonalities of junior crew members as determinants of the crew's perfor-
mance. This learls into investigation of the importance of the mix of per-
sonalities compriOing effective and less effective crews. As noted, investigations
in this area are much more exploratory as the researmh base is limited,
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Training for Emergency Responses

I
)3

Performing well in the transition from routine to emergency situations
depends on the complex interaction of a host of environmental, organiza-
tiona), and individual variables, Team effectiveness in an emergency is
influenced by numerous factors such as leLdership, personality, unit cohe-
sion (Griffith, 1987), physical fitness (Martens and Lunders, 1970), and
sleep schedule-topics that have been addressed in previous chapters. The
main focus of this chapter is on training nppioaches that can be used to
offset decrements in performance that might occur in the transition.

As discussed in the previous chapters, numerous ways to sustain effec-
tive performance have been detailed in the literature:

(1) Leadership-soldiers who lack trust in their leadcrship are more
susceptible to battlh shock (e.g., Kopstein et al., 1985).

(2) Unit cohesion-variables such as crew stability and common expe-
rience are linked to resistance to combat stress (Griffith, 1987). Unit cohe-
sion is developed as a result of working and training as a crew over pro-
longed periods of time.

(3) Personality-several experiments involving the use of different motor
tasks have demonstrated that individuals with moderate levels of trait anxi.
ety perform better than individuals with lo% or high levels of trait anxiety
(Martens and Landers, 1970).

(4) Physical conditioning-fitness may attenuate decrements in cogni-
tive work capacity. Pleban et al. (1985) found that physical fitness had a

248
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beneficial effect in an encoding/decoding task requiring prolonged mental
effort, particularly as sleep loss and other stresses began to mount.

(5) Stress management techniques-soldiers who are equipped to man-
age stress are likely to be more successful than those not so equipped. FM
26-2, Management of Stress in Army Operations (U.S. Department of the
Army, 1983), was written to assist soldiers in managing stress.

(6) Systems design-technological advances offer the opportunity to
enhance the capability of systems, but without the careful consideration of
the match of system requirements and cognitive abilities, the promise of

technology may not be achieved. The U.S. Army's MANPRINT program
(Booher, 1990) has demonstrated that integration of manpower, personnel,
training, human factors engineering, system safety, and health hazard con-
siderations in the system design process can enhance soldier performance.
Without considering soldier-system interactions, a variety of unforeseen problems
can result from the application of technology such as automation (Moray
and Huey, 1988).

(7) Job-person match-recent research has demonstrated the potential
Importance of developing classification-efficient multidimensional assign-
ment measures for Increasing operational performance of soldiers (Johnson
and Zeidner, 1991). The importance of general cognitive ability to job
performance has been well documented (Hunter and Schmidt, 1982). This
most recent research on differential assignment theory suggests that impor-
tant gains in performance can be achieved through differential classification
of individuals and assignment of crews, Furthermore, system designers
need more refined information about intraindividual abilities to more ad-
equately match equipment and individual capabilities (Zeidner and Johnson,
1991).

(8) Human resource management--commanders and soldiers who search
for innovative solutions to labor-intensive tasks, who weigh the costs and
benefits of taking prudent risks, and who instill the need for work/rest/sleep
discipline should survive longer under demanding conditions than those
who do not.

(9) Training-well-learned responses appear less subject to interfer-
ence from extraneous environmental influences and the effects of sleep loss
than less well-learned responses, Also, soldiers who are well trained are
more confident in their abilities (e.g., Adams, 1971) and better able to share
task responsibilities than those who are less well trained.

The first part of the chapter describes a number of training challenges.
The second part provides a training framework and addresses specific find-
ings related to the question of how training can increase the probability of
adequate performance. The chapter concludes with a discussion of realistic
training approaches and potentially important areas for future research.
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TRAINING CHALLENGES

The generic requirements for competent task performance in an emer-
gency situation were outlined in Chapter 1. The specific performance require-
ments of monitoring, navigation, situation awareness, decision making, strate-
gic planning, communications, procedure following, and perceptual-motor
interaction span the continuum from performance of complex, problem-
solving tasks to routine, procedural tasks, For example, the crew of any
complex system should be capable of performing certain tasks automati-
cally, while the crew leader must possess the adaptability to apply multidi-
mensional thinking and decision making when appropriate. Because the
knowledge requirements are so diverse and evolve as people move up in
responsibility, the training demands for these different kinds of activities
are also very different. This assertion is supported by a recent article by
Glaser (1990), who reviewed research findings from studies of three major
aspects of competent performance related to the challenges presented above:
(a) proceduralized knowledge and skill, (b) self-regulatory skills and perfor-
mance control strategies to foster comprehension, and (c) structured knowl.
edge and mental models for problem solving. He speculates that procedural
skills that are "knowledge lean" may be learned in one way, whereas cogni-
tive skills may be learned in different, more complex ways,

TRAINING AND SKILL RETENTION

The goal of training for emergency responses is to ensure that the method
of training induces rapid, accurate performance. It is reasonable to assume
that one of the best criteria to guarantee such performance is that the skills
called on are retained well, In this regard, a host of variables are known to
influence the retention of skills (Adams, 1987; Schendel et al., 1978; Wells
and Hagman, 1989). Some of the key variables include: type of task,
amount of practice, type of practice, testing, and level of original learning,
These variables are discussed in the following paragraphs,

Type of Task

Not all tasks are forgotten at the same rate. For example, procedural
tasks are forgotten in days, weeks, or months, whereas continuous control
tasks typically are remembered for months or years. Rose et al, (1985) and
Shields et al. (1979) found that task characteristics that are readily available
from existing documentation are accurate predictors of retention perfor-
mance. This information can be used to determine the amount and kind of
refresher training required to maintain skilled performance.

Based on reviews of the literature and extensive field tests, Rose et al.
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TABLE 11.1 Task Characteristics Related to Retention

Job/Memory Aided Quality of Job/Memory Aids
Length Definite Step Sequence
Built-in Logic to Steps Mental Requirements
Number of Facts Complexity of Pacts
Movement Demands Time Demands

(1985) identified and evaluated a large set of variables that could be used in
a model to predict tetention loss for specific tasks. The final set of task
characteristics Is shown in Table 11.1.

Operational definitions of these task characteristics were developed and i
compiled to form a model. In tests of over 300 individual soldier tasks,
these characteristics have been found to reliably predict proficiency levels
for individual tasks. In similar research, Rossmeissl and Charles (1988)
developed a model to predict the cognitive requirements of human task
performance. They identified 12 factors that were particularly important in
determining job or task difficulty. These factors, listed in Table 11,2, were
found to be significant predictors of task difficulty in tests using Army
subjects,

The approaches described above can be used to predict training require-
ments, and also as a design aid to assist in allocation of functions or tasks
between humans and machines, In short, they can be used to "design out"
the most difficult training tasks.

Amount of Practice

A skill will not be acquired until it is practiced (Hinrichs, 1976). Ob-
servations drawn from a review of the literature on exceptional performance
indicate that such performance depends most heavily on enormous motiva-
tion and continued practice over it period of years (Schendel, 1987). How-

TABLE 11.2 Cognitive Requirements Model
Evaluation Factors

Working Memory Task Repetition
Quantity of Data Decision Making
Multiple Processing Data loterpretatiosi
Time Plublem Solving
Psychomotor Environment
Long-Term Memory
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ever, as Schneider (1985) points out, "practice makes perfect" may be an
overgeneralizatior,.

Schneider (1985) developed guidelines for training high-performance
skills based on the proposition that performance results from the interaction
of two qualitatively different forms of processing: controlled and auto-
ruatic. Controlled processing is slow and requires attention from the per-
former to deal with novel tasks or task rules that are inconsistent over time,
Automatic processing is fast and requires little or no attention on the part of
the performer. For perceptual tasks, Schneider (1985) found that under
conditions of prolonged practice, the processing of information moves from
controlled processing to automatic processing, when the task has consistent
components. The rules and findings were developed out of basic research
on developing visual skills, in which Schneider found that skill develop-
ment relates to the heterogeneity of components, A consistent task compo-
nent is one in which the performer makes the same response to a stimulus
every time (i.e., the performer pushes the same button every time a red light
comes on), A varied component is one in which the performer may respond
one way to a signal under certain conditions, and another way under a
different set of conditions. Performers show large improvements with prac-
"tice on consistent task components, but not on varied task components,
Subsequently, Schneider's dichotomy of controlled processing (and incon-
sistent mapping) and automatic processing (consistent mapping) has been
extended to accommodate cognitive rule-based skills as well (Kramer et al.,
1990).

In an extensive review of the effects of repetition and practice, Wells
and Hagman (1989) conclude that repetition, necessary or even desirmble, Is
the key factor in learning, retention, and transfer of skills, but the required
amount of repetition depends on the training requirements. They found
that, if the goal is to enhance performance of a specific task, then the more
repetitions, the better. If the goal is to enhaticc problem solving and trans-
fer to new tasks, then fewer specific repetitions are recommended along
with an increase in variety.

Type of Practice

By systematically altering practice to encourage information processing
activities, one can generate enhanced performance capabilities (Schmidt and
Bjork, 1989). Experimental evidence shows that conditions that make per-
formance during the acquisition phase most effective are often least effec-
tive for learning, as measured by retention and transfer tests (Wickens,
1992). In contrast, conditions that force more elaborate processing during
acquisition and that may slow the rate at which performance improves dur-
ing acquisition often lead to more and better learning and better retention.
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An example is guided training, in which the learner is consistently led
through the correct sequence of responses. While error-free performance
will result during training, the fact that the learner will not have been al-
lowed to choose the responses on his own will depress later transfer. Some
guidance will be useful, but too much can be counterproductive. Additional
research is needed to understand the processes underlying these empirical

findings.

Testing

Testing has been shown to Improve the long-term retention of skills
better'than study alone. For example, in one experiment on the long-term
retention of verbal materials, researchers found that an immediate test trial
performed after 10 study trials reduced error frequency nearly 50 percent as
compared within 10 study trials without the test trial (Allen et al., 1969),
Another important reason for testing is that it motivates learners to study by
demonstrating to the individuals their skill levels. People are not very good
at estimating and reporting their own skill levels, Most studies find low
correlations between how well people say they are going to perform and
how well they actually perform. In addition, most people overestimate their
skills, In one study conducted for the Army, over 75 percent of the soldiers
tested predicted higher scores in a rifle marksmanship test than they actu-
ally obtained (Schendel et al., 1984),

Level of Original Learning

All of the variables discussed above have been linked to performance
after retention, However, the single most important determinant of reten-
tion is level of original learning. As an example, Fleishman and Parker
(1962), using a three-dimensional flight control task, found high positive
correlations (.80 to .98) between learners' initial learning lcvels and later
retention. More important, the strength of these correlations was high and
unchanging over retention intervals ranging from one month to two years.

Given that the single most important determinant of skill retention is
level of original learning, the key is to ensure a high degree of original
learning, Knowledge of results or feedback (externally provided informa-
tion about the correctness of a response), is commonly regarded as the
single most important variable for learning (Winstein and Schmidt. 1990).
It is a critical source of Information and motivation during learning.

To assure high levels of original learning, overtraining (or mastery training)
may be more effective than proficiency training (that is, training one to
successful performance). This was demonstrated by Schendcl and Hagman
(1982), who trained reserve soldiers to perform an assembly/disassembly
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task. Mastery training was found to be superior to proficiency training
across an eight-week retention interval.

In addition to increasing the probability of competent performance after
the retention interval, other advantages are associated with higher levels of
original learning. These are the ability to perform tasks with minimal men-
tal eftort (automatic processing) at lower levels of perceived workload and
with less interference from the effects of stress. These advantages are
discussed below,

TRAINING AND WORKLOAD

Gopher and Donchin (1986) point out that practice has an important
impact on the perception of workload. As parts of task performane be-
come automatic, there is a reduction of resource costs in a system driven by
automatic compared with controlled processes. Therefore. the level of prar-
tice that an individual has at the time of performance may dramatically
reduce perceived workload or increase it instantly when novelty is encoun-
tered,

,Lysaght et al. (1989), in their review 3f workload methodologies, point
out that training and specific skill acquisition extend an individual's capa-
bility to handle workload. However, they go on to point out that certain
contributors to high workload, such as the necessity to perceive faster, are
not amenable to training. Many of these factors are related to and limited
by an individual's cognitive abilities. This is an area of research that re-
quires greater study.

To some extent, training reduces workload at the same time that it
improves performance, Howevei, in order to achieve the expected improve-
ment of performance during tiaining, workload reductions may occur at a
slower rate than performance improvements. Each time a transition from
one position or vehicle to another occurs, workload may be quite high until
new skills are mastered, aLnd unfamiliar tusks, procedures, and responsibili-
ties become familiar. Even for crew members who are highly experienced
in their current position, transition to a new environment (u.g,, being trans-
ferred from the United States to a foreign country or from peacetime to
wartime conditions) will create a temporary increase in workload and may
affect performance.

TRAINING APPROA('HES

In the study of complex human perfcrmance, Glaser (1990) found that
(1) learning takes place by active application of knowledge in the context of
working on specific problems, (2) the key to learning complex cognitive
tasks was the explication and modeling of the appropriate problem-solving
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structure and procedures or strategies entailed in competeot performance,
(3) strengthening of existing knowledge was enhanced by practice that minimized
error, and (4) failure or conflict triggered new learning, except for the auto-
matlc process of knowledge compilation. Although Glaser (1990) found
these commonalities, lie found a dichotomy in Instructional approaches. In
one, the mastery approach, the instructor controls and builds the specific
learning sequence. In the other, the learner is in control of the problem-
solving approach and shapes his or her experience in an environment that
assists and supports his or her performance. This dichotomy may be due to
differences in subject matter (cognitive and problem-solving skills versus
proceduralized knowledge) as well as a difference in research traditions and
values.

Since the learning of complex tasks and performances occurs over weeks
and months and goes through many stages, both the mastery and problem-
solving Hpproaches to training of complex tasks is required, In a previous
section, evidence was presented that the level of original learning is a key
determinant of later performance, Assuming this is the case, training ap-
proaches must be developed that optimize retention of the array of tasks
that must be performed In an emergency situation, For the tank crew, the
challenge is how to structure training to ensure that: (I) the crew performs
as a coordinated, interactive team; (2) the commander makes the correct
decisions given the specific conditions; (3) the crew communicates inter,
nally as a team and externally as a member of a larger unit; (4) each mem.
ber is prepared to fill roles of missing members in the case of undermanning
or combat casualties; and (5) each member performs his individual and
team roles and tasks in the context of the battlefield environment (external
stresses), The p-imary decision maker, or commander, must have the op-
portunity to practice emergency problem-solving and decision-making as
well as routine proceduralized tasks. Practice under realistic, challenging
conditions will allow better use of mental resources for the nonroutine ele-
ments of the emergency situation.

The following paragraphs describe three training approaches that ap-
pear to have particular relevance for the training of tank crew members, as
well as other teams or crews that may be required to respond to emergency
situations, While considerable research has addressed the potential dangers
in seeking exceisive realism In simulator environments (Hawkins. 1987;
Jones et al., 1985), the three approaches discussed below are noteworthy
because their developers have sought to incorporate those specific elements
of realism that encourage positive transfer to operational environments. The
three approaches, Simulation Networking (SIMNET), embedded training,
and crew or cockpit resource management (CRM) training, provide realistic
training and testing to promote the long-term retention of skills, CRM
training is discussed in the previous chapter. We discuss below the advan-
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tages and disadvantages of the other two training approaches and suggest
recommendations for research.

Training Complex Tasks Through
Simulation Networking (SIMNET)

Realistic training improves a soldier's ability to withstand combat stress
(Frank, 1982). The realistic sights and sounds of the battlefield help to
develop the soldier's knowledge of himself, his enemy, and his weapons, InJ
the earlier examination of the performance piocesses involved in tank crew
performance, it was noted that the tank commander position involves the
greatest training and performance demands, Decision-making and problem-
solving skills, in addition to procedural knowledge, appear to be the pre-
dominant skill requirements for successful performance. This analysis im-
plies that the highest payoff for training in the tank crew environment would
involve enhancing the cognitive skills of the commander. In other words,
training should enhance the commander's skill to recognize and respond
appropriately to new or uncommon problems or create more effective ways
to solve old problems. SIMNET provides this opportunity (Ropelewski,
1989). It represents the leading edge in realistic, large-scale, low-cost com-
bat training exercises.

SIMNET was developed by the Defense Advanced Research Projects
Agency (DARPA) and the U.S. ikrmy, Training is achieved through a net-
work of dlsburs.d combat simulators. Fully manned and separated, tank
platoons and companies can fight battalion-size battles. The battles can
involve the full range of command and control and supporting elements,
including helicopters and fixed-wing air support. SIMNET allows trainees
to practice the range of communication and decision-making tasks and roles
in a realistic environment. Its most significant advantage is that it provides
the opportunity for interactive training of large numbers of commanders of
air and ground units operating from different sites.

SIMNET is a giant whole-task trainer for fighting multiple units. In the
SIMNET system there are no reset buttons to allow crews to pause or start
over again if something goes wrong. The commanders must plan. commu-
nicate, and execute decisions in real time. 3IMNET allows individual crew
members, as well as battalion commanders, to practice tasks and roles as
individuals and units.

The low cost and flexibility of SIMNET compared with most simula-
tors makes it reasonable for use on a routine basis. The system can be used
to simulate joint and combined warfare or small unit engagements. It is
used on a daily basis at Fort Knox, and was used in Germany to train for the
Canadian Army Trophy tank-gunnery competition (Ropelewski, 1989).
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The advantages of SIMNET as a realistic trainer are clear, It also
provides the opportunity to study learning in a natural setting as suggested
by Glaser (1990). The technology permits the conduct of carefully de-
signed experiments to study issues such as: (1) the appropriate type and
sequencing of feedback to trainees; (2) the acquisition of decision-making
skills; (3) the interaction of individual differences and the acquisition of
decision making skills; (4) the principles underlying the design of training
programs to maximize performance in emergency situations; and (5) the
intcraction of training workload, and stress variables on performance In a
combat-like environment. A major technical challenge for SIMNET is to
conduct experiments and provide appropriate feedback without degrading
the dynamic, realistic simulation,

In the initial davelopment of SIMNET, the emphasis was placed on the
technology of producing a realistic, low-cost simulator. From a training
perspective, the value of SIMNET as a trainer would be greatly enhanced if
the trainee could receive process feedback as well as battle outcomes, This
information would provide the learners with an assessment of the direct
outcome of their decisions, as well as an assessment of the processes and
procedures used to obtain the outcome. The Importance of process informa-
tion has been confirmed in an extensive body of research that shows that the
way in which executives think and make decisions greatly influences their
success (Streufert and Swezey, 1986). SIMNET provides the opportunity to
give commanders information about the quality of their problem-solving
approaches and thereby enhance the probability of adequate performance in
emergency situations.

Embedded Training for Practicing Procedural Tasks
in the Operational Setting

Embedded training presents an excellent opportunity for the practice
and retention of tasks and skills that should be performed automatically in
the course of battle. Embedded training is a training capability built into or
added onto operational systems. Advances in the sophistication of the tank
systems, such as the uste of electronic display screens, high-speed integrated
circuits and solid-!;tate computers, make it possible to embed training sub-
systcmns in the operational equipment. This would allow the tank systenls
themselves to provide refresher training. New tanks have the potential to
integrate embedded training applications into gunnery, tactics, driving, and
maintenance trai:iing (Hardy, 1988).

Currently, the Maia Battle Tank does not have embedded training capa-
bilities. Tank crewmen can practice thn tasks associated with preparatinn
for gunnery, but there is no feedback. Embedded training for the Block Ill

__ _ _ _ __ _ __ ___
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Tank is required to support four principal areas: (1) tank gunnery, (2)
tactics, (3) maintena,,ce (i.e., fault "solation/diagnostics), and (4) tank driv-
ing, Embedded training must: (1) train individual job tasks through force-
level collective tasks (crew through bottalion) as required; (2) be capable of
providing a series of training exercises for all levels previously mentioned
that can be used to train to doctrinally acceptable standards; (3) be able to
store and retrieve data; (4) provide realistic computer-generated imagery
simulation training exercises that ire programmable for individual, crew,
platoon, ttam, and task force level tactical and gunnery training; (5) have
the capability to network two or more vehicles into the same computer-
generated imagery data base to support specific training exercises; and (6)
have the capability for precision laser force-on-force training aboard the
vehicle.

An advantage of embedded training is that it can provide high-quality,
standardized training tailored to an individual's needs, The embedded train-
ing system can assess the proficiency level of the soldier, provide feedback,
and keep records of the learner's progress. Another advantage of embedded
training iii the operational environment is that it can be d;-.gned to operate
without an instructor. It provides the opportunity to practice the highly
perishable skills identified by Rose et al. (1985). Embedded trainkg is
better suited to provide refresher training than to provide training for new -,

skills (Oberlin, 1988),
Embedded training as it is currently configured does not provide the

opportunity for the commander to practice the complex decision-making
tasks required in combat. An important disadvantage is that embedding
full-task training exercises may require too much textual instruction be-
cause learners' tolerance for reading lengthy screen messages is low. The
whole-task training necessary for the commander is better uaco:nplished in
a SIMNET-like environment. Nevertheless. given the long periods of underload
that often characterize the pretransition phase of teann in transition. ;I is

reasonable to conclude that embedded training could, it prolperiy structured,
achieve these important goals: (I) maintain a level of arousal sufficient tc

guard against vigilance decrements (Chapter 6): (2) maintain or induce situ-
ation awareneis of the status or the vehicle and the environment (Chapter
7): and (3) achieve the primary goal of delivering knowledge.

Trraltilng to Improve Communications and (oordlnation

The SIMNET system sho;,ld be adaptable to the investigation of social
psychologica issues surrounding crev, conmmunicatior's :mnd cre% resource
management, as discussed in tlte previous chapter.

Aware (it' the potential benefits of reducing and contro~ling crew errors
resulting front poor leadership and crew coordination, many airlines and
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units of the military have developed programs to provide training in these
areas-programs that have come to be known generically as Crew Resource
Management (CRM) training. Primary CRM training programs (often de-
scribed as the initial awarlness phase of training) typically are conducted in
a seminar format and include modules on leadership, interpersonal commu-
nications, decision making and problem solving, conflict resolution, and
stress effects and stress management. Emphasis is placed on the need for
open communications lespite status and role differences. Military training
programs also focus on the need to overcome barriers imposed by military
rank structure and officer-enlisted, status differentials without eroding leader
authority.

Early programs in aviation were largely derivative from traditional man-
agement training and organizational development courses. Later programs
tend to focus more directly on issues related directly to flight deck prob-
lems and are tailored to highlight issues raised by analysis of operational
incidents and surveys to determine baseline attitudes regarding leadership
and flightdeck management. The emphasis is on experiential rather than
didactic instructional techniques. Many courses employ role-playing of
conflict resolution situations, briefings, and post-mission critiques, often
employing videotape to record interactions and provide feedback.

A number of strategies are employed to ensure that CRM training has a
lasting impact. One is to demonstrate complete organizational commitment
to the concepts taught oy providing positive role models, incorporating CRM
concepts in formal doctrine and operating manuals, and by requiring adher-
ence to the concepts (making failure to practice these concepts and to show
effective leadership grounds for termination fron flight status). A second is
to provide formal recurrent training in CRM concepts and techniques rather
than giving only a single training experience. Third, and perhaps most
important, is to provide recurring opportunities to practice the concepts and
receive reinforcement and feedback. This is accomplished through full
mission simulations (LOFT) that have scenarios designed to elicit problem-
solving behavior and decision making in abnormal flight situations that
have no simple, book solution and no clear optimal course of action. The
training impact is also enhanced by making the training without "jeopardy."
Crews are free to practice different behaviors without placing their licenses
to fly at risk. Perhaps the most successful innovation has been videotaping
the sessions and using the tape for post-mission debriefing of crew behav-
iors. The fourth strategy is to provide regular feedback and reinforcement
of CRM concepts during regular performance evaluations. This is accom-
plished by giving designated evaluators (check airtr.en) special training in
the evaluation and debriefing of leadership and crew coordination practices,
Crews are then observed and critiqued following regular evaluations (line
checks).
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Preliminary data from a NASA-sponsored, longitudinal study of flight
crew performance before and after CRM training demonstrates that such
training can have a significant positive impact on crew performance, if well
implemented (Helmreich, 1991; Helmreich and Foushee, in press; Helmreich
and Wilhelm, in press). Multiple measures of training impact are employed
and all show consistent, positive change. Dependent variables include:
(1) systematic observations of crew performance in line operations and full
mission simulations; (2) changes in attitudes regarding crew-related issues:
(3) case studies of crew communications from the cockpit voice recorder
tapes of relevant aircraft incidents and accidents; and (4) self-reports by
crew members of the efficacy of training.

The data indicate that training both improves the performance of less
effective crews and further enhances that of competent crews. Although the
project is still in the data collection phase, the following findings have been
obtained and replicated: (I) Observational data collected on the previously
described NASA/UT Line/LOS Checklist show significant improvements in
overall performance and crew effectiveness as well as in specific behavioral
categories. (2) Highly significant, positive changes in attitudes regarding
leader roles, interpersonal communications, and awareness of stressor ef-
fects are found, (3) Although the number of accidents involving flightcrews
trained in CRM concepts is small, the cockpit voice recorder transcripts of
these catastrophes form a slowly increasing data base from which inforina-
tion on crew behavior can be analyzed in a case-by-case fashion (Predmore,
1991). During the past year, two major accidents occurred involving crews
with formal CRM and LOFT training, One involved the loss of a cargo
door and two engines, the second loss of all hydraulic systems associated
flight controls. Both crews faced novel, life-threatening situations for which
na standard procedures existed; both crews were faced with extreme stress
for an extended period of time. Examination of the communications pat-
terns shows the high workload imposed by the situation and the practice of
inquiry, advocacy, critique and careful decision making, even under great
stress. One of the captains attributed his crew's survival to CRM training.
While not conclusive evidence, these data combined with othcr evidence
represent encouraging evidence. (4) Self-reports of participants overwhelmingly
support the utility of CRM training. Specific items on a post training
evaluation form ask for ratings of (a) the potential of the training for safety;
(b) personal usefulness of the training; and (c) extent to which thu training
has (or will) change p,.rsonal behavior on the flight deck. Survey results
regarding the value of LOFT arc equally positive. Crews find the. experi-
ence to be an extremely valuable setting in whh to put together what they
have learned regarding effective crew performance. Participant endorse-
ment of such programs is a necessary hut not sufficient indicator. If crews
did not perceive the training as useful, it is unlikely that the practices
advocated would be internalized.
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One negative finding is that a small subset of crew members reject the
training both in self-reports of reactions and, attitudinally, in terms of less
acceptance of positive crew coordination practices. As previously noted,
one determinant of negative training outcomes is crew member personality
(Helmreich and Wilhelm, 1989). it appears that personality characteristics
may form one of the limiting factors on the efficacy of CRM training. As
yet, little progress has been made in determining if additional training or
peer pressure can elicit behavior change among those who reject the train-
ing. In particular, it is not known whether training strategies and interven-
tions can effect change in personality related behaviors.

The above data suggest that enhancements in crew coordination pro-
vided by CRM training may prove to be effective countermeasures against
the stress of workload transitions, As previously noted, effective crews
employ behavioral strategies that would appear to utilize the combined re-
sources of the group which can serve to compensate for stress-induced
individual attentional and cognitive deficits (see Chapter 8). However, full
scientific validation of the impact of crew coordination training has in-
volved assessment of crew performance during normal operations and simu-
lated flights with abnormal conditions. Adequate systematic data on the
performance of crews during highly stressful, real inflight emergencies are
not yet available, beyond the two case studies described above, Although
unlikely, the possibility exists that improvements noted after CRM train-
ing might disappear in a stresa-induced reversion to earlier patterns of
behavior.

SUMMARY

In summary, extensive training on those procedures and actions that
may need to be taken in an emergency situation may mitigate the negative
effects of stress and workload. Training to automate performance of certain
tasks may be accomplished through embedded training devices in the tank
or on the equipment. Training to enhance the probability of adequate deci-
sion processes and crew coordination and leadership issues could be accom-
plishcd through a SIMNET environment. Consideration of the appropriate
training methodology is based on an analysis of the specific requirements in
the emergency situation.

In the long run, the optimal role of training must be established by u
careful evaluation of the cost-effectiveness of training versus design in im.
proving system performance (Rouse, 1985). The nature of these tradeoffs
(and that involving a third factor-abilities) is beyond the scope of this
report but is addres:sed specifically by the Army's MANPRINT program,
The reader is referred to the detailed treatment by Booher (1990) for discus-
sion of these issues.

... .. ... .. .. ... .. .............. 2.....
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Recommendations for Research

What happens when a team or group is suddenly required to react effec-
tively to a situation after a period of inactivity? Does it perform well or
poorly? The many anecdotal reports and case histories of incidents in
which there are abrupt shifts from low to high workload suggest that perfor-
mance is, at times, seriously or dangerously degraded. But, aside from
some studies of single variables such as training, sleep patterns, and stress,
the research knowledge base on performance after a sudden change in workload
is sparse. The ways in which the interaction of different environmental,
operational, and individual variables may affect performance or how their
combined impact on performance can be reduced by administrative, design,
or other changes is not known well understood.

The Panel on Workload Transition was charged to examine the existing
"knowledge base and to identify and evaluate techniques that might be used
to reduce performance decrements during abrup. workload transitions, The
panel was asked to pay special attention to what happens to the performance
of Army tank crews during sudden increases in workload but also to con-
sider its effect on teams in other situations such as nuclear power plants,
commercial airliners, emergency medkial services, railroad locomotives, shipboard,
and disaster relief efforts.

In carrying out its charge the panel examined wha, is known about
workload and workload transitiotis and their performance effects, identified
existing research results that could be applied now and research that needed
to be done to fill gaps iii knowledge and inform operational policy, A large
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number of rc':ommendations appear throughout the report. Those consid-
ered by the panel to be most important appear below,

WORKLOAD

Task structure is known to have a significant impact on the workload
imposed during the performance of the task, Much is known about the
effects of variations in rate of presentation of visual stimuli for discrete
tasks or display bandwidth for control tasks; however, the effects of such
factors as speed-accuracy tradeoffs, task schedules, and task duration on
operator performance under different levels of workload are not well de-
fined, and additional research must be performed, How effective are team
members in scheduling tasks appropriately under high levels of workload
during a post-transition period?

During most post-transition periods there are many task demands, often
with critical time constraints. When performing familiar tasks for which
variations in task demands are predictable, completing some tasks ahead of
schedule and developing contingency plans for others during periods of low
workload can reduce workload and improve performance during later higher-
workload periods. Research suggests that people are able to develop more
efficient strategies if given the opportunity, But more research is needed on
team workload management strategies and their effectiveness. For example,
the effect of teammate cooperation-when one underloaded team member
takes on some of the tasks usually assigned to another team member who is
currently overloaded-on performance is unknown.

Regardless of the specific source(s) of workload at any point in time,
adequate training and preparation, adopting strategies and tactics most ap-
propriate for the situation, effective leadership, and smooth crew coordina-
tion can counteract some of the detrimental effects of imposed task de-
mands.

The influence of stress, fatigue, training, crew coordination, and envi-
ronmental stressors may have a significant effect on operator workload in
operational situations, but their relationships with operator workload is not
yet known, and most theories of workload ignore them. More research is
required to attempt to identify the joint effects of these factors. These same
fa•lors will also affect operator performance, and they are discussed in the
following sections, Quantitative scales need to be developed to rate the
attribuics that can be placed on these different workload drivers for the
development of predictive models of workload.

Continued research and development is needed to validate global opera-
tor models of human performance in, omplex systems, Particular efforts
must be focused on modeling components of the team-communication as-
pects in conjunction with the individual, To what extent does workload

~~~~~~~. . .. . . .. . ... . . . . . .. . . . .. .. . . .. ..
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increase with two r-embers because of added communications, or doei it
decrease because of a division of labor?

Before considering automation of function, careful consideration must
* be given to the well-documented costs of automation. Many times, automa-

tion of subsystems does not result in reduced overall workload, but rather
replaces one form of workload with another (Hart and Sheridan, 1984).
Operators must continue to perform a series of activities, which may appear
unrelated, and their direct involvement with and knowledge of the system
are reduced, making it more difficult to detect errors or assume control of
the system if the automation fails. Another serious question that remains
unanswered is who should maintain authority over whether the human or
the automated system retains control of the system.

STRESS

Although there have been many recent tragic accidents In which stress
may have been a contributing factor, research on the effects of stress in
complex systems is sparse. The panel recommends that the Army capitalize
on information that has been obtained in environments in which realistic
stressors already exist. An example would be an analysis of errors in per-
formance by crews working In situations that are life-threatening to the
crew itself (e.g., fire bomb disposal) versus other types of life-threatening
situations (e.g., medical staff in an emergency room). A research program
is needed in which stressors are not experimentally induced.

Two categories of techniques may be adopted to minimize the degrad-
ing effects of stress on human performance: (I) design solutions, which
address the task and interface with equipment and (2) personal solutions,
which address the operator (through selection strategies or training), the
characteristics of the team, or both. Design principles that may minimize
the degrading effects of stress include: using familiar elements and elimi-
nating nonessential ones, displaying information that is di-ectly necessary
for action, highlighting, and integrating displays. In addition, emergency
procedures that must be referred to on-line must be brief and succinct under
circumstances in which working memory and attention spun are attenuated.
Furthermore, procedural instructions should avoid arbitrary symbolic cod-
ing and be phrased as actions to be taken, not as prohibited actions or
descriptions of the state of the system, Finally, the number of steps to be
taken in following emergency proc.edures should be held to a minimum,

Personal solutions include the adoption of strategies by the operator to
minimize the degrading effects of stress. Among the most effective of these
are preplanning, anticipating, and rehearsing actions to be taken under stress.
Research shows that if individuals can predict, understand. have knowledge
of, and have a sense of control over a stressor, they arc more likely to
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develop successful coping strategies. It is also known, however, that sim-
ply providing information is one way to reduce uncertainty and increase a
persoa's sense of control over a situation.

The panel endorses the findings and recommendations made by the
Committee on Techniques for the Enhancement of Hun.ai Performance
(Druckman and Swets, 1988) that cognitive approaches to stress manage-
ment will probably prove the most useful In the military setting, According
to Druckman and Swets (1988:125), "The implication of this approach [of
providing realistic information in advance] for the military is that individu-
als should be given maximum knowledge and understanding of potentially
harmful situations and as much control over them as possible. This conclu-
sion seems just the opposite of the accepted military philosophy of giving
the individual the least amount of information necessary for a given task or
situation. In a combat situation it would seem that each soldier should be
given as much information as possible about his situation and that of the
enemy to help him manage stress levels and maintain arousal at a useful
moti ational level."

Good team qualities, such as trust, participation in relevant decision
making, excellent communications, and a commitment to cooperation are
conducive to effective team-building processes. Team building efforts, as
well as environmental buffers (e.g,, changes in the tank environment), can
be employed to minimize communication problems and the stress-related
problems associated with decision making and problem solving. To date,
communication in tanks has been largely ignored. However, it appears that
communication is a key component in successful team performance. There-
fore, research Is needed to examine the effect of stress on communications.

As noted above, the environment plays an important moderating role in
problems arising from communications, stress, decision making, and prob-
lem solving, to name a few. Although it is impossible to remove environ-
mental stress from the battlefield, tank crews can be somewhat isolated
from its worst effects. It is probably not advisable to completely isolate
crew members from battlefield noise, since noise in battle can contain infor-
mation. In fact, the headphones currently used by tank crews probably do a
good job of cutting out much of the unwanted battlefield noise. Unfortu-
nately, these headphones are heavy and constricting, Along with the helmets
worn by crew members, they contribute to discomfort and fatigue, both of
which degrade vigilance efficiency. Therefore, we recommend that lighter.
more com'ifortable headgear, including sound-isolating headphones. be either
purchased commercially or developed.

The design of the suspension of tanks isolates the crew from much
higher frequency vibration. However, crew members are still subject to
shock from impacts and to accelerations in all directions from the overall
movement of the vehicle. None of the existing crew workstations contain
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any degree of shock isolation, such as could bz easily obtained by mounting
the crew seats on shock absorbers. None of the current crew seats contain
any form of personal restraint, such as seat belts or, more appropriately, 5-
point harnesses. The panel recommends that all crew positions be shock
isolated and that personal restraints be provided.

We believe that the elimination of temperature extremes inside the ve-
hicle is a worthwhile action that can be taken with existing technology.
This could be accomplished by building appropriate cooling and heating
systems into armored vehicles and by providing protective clothing that can
insulate crew members from climatic extremes. These steps seem to be
especially neressary if crew members are to remain "buttoned up" insidetheir vehicles for several hours or days, as in chemical warfare scenarios.

In the area of displays and controls, there seem to be several small but
meaningful changes that could make the job of monitoring and controlling
vehicle and mission functions easier for crew members, While we did not
perform a detailed analysis of crew workstation displays and controls, cer-
tainly the driver's od gunner's workstations could benefit from such an
analysis and rearrangement, Likewise, the general area of radio comnmuni-
cation, including the placement and design of the radio equipment should be
studied with an eye to simplification and usability.

Finally, the relationships among stress (including environmental stres-
sors such as heat, cold, vibration, noise, and danger), fatigue, training, and
crew coordination are unknown. Additional research is needed to identify
these relationships, particularly in the tank environment, and to determine
their unique and joint effects on operator and team performance,

SLEEP PATTERNS AND FATIGUE

The most important recommendation the panel can make in this area is
that, before an engagement, tank crews must have a duty schedule, and the
cycle time is very important. Sleep is most effective and restorative if it
can be brought into phase with the 24-hour circadian rhythm, For example,
four hours on duty, eight hours off, four on, eight off is an ineffective duty
schedule. Sleep schedules or length of sleep periods should be modulated
according to the length of time before onset of the event, In the case of the
tank crew, this event would be the beginning of battle.

In addition, sleep periods should be mandated and enforced by the
command structure. This is paiticularly important for operators who per-
form low-level vigilance monitoring tasks or complex cognitive tasks (i.e.,
tank commanders), Some research has found that a single iwo-hour nap,
strategically placed, can significantly reduce the periodic decrements of
alertness and performance that occurred during 54 hours of sleep depriva-
tion (Dingets et al., 1987),

I. . . . . . . . . . . .. . . . . . .. . . . .. . . . . . ..' _
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Research has found that preemptive naps should be scheduled in a stag-
gered manner across time and crew members and that naps must be a mini-
mum of 10 minutes in duration in order to effectively restore the decre-
ments due to sleep loss, However, without additional research, the minimum
nap time necessary to prevent or mitigate the degrading effects of sleep loss
on performance is unknown,

Countermeasures for sleep loss-stimulants, increased physical activ-
ity, naps, monetary incentives, diet, and intensive social contact.-can mitt-
gate the deterioration of performance on the first night: however, none of
these remedies are effective in overcoming impairments that occur on the
second or third nights of continuous operations.

The last important issue that must be addressed in this area pertains to
rleep habitability In the operating environment. If the environment does not
have some minimum level of comfort and darkness, the amount of peaceful
sleop or rest the crew members get may not be sufficient to counteract the
negative effects of sleep loss.

TARGET DETECTION AND VIGILANCE

Signal enhancement is a driver of vigilance performance in any task. In
view of what Is known with regard to the importance of signal amplitude
and duration in vigilance, devices for aiding target acquisition such as ther-
mal imaging or computer-assisted detection systems might be built in a
manner that amplifies the intensity of such critical signals as hot spots and
weapon flushes and also Increases the dwell time of such signals on the
crews' target acquisition displays.

The sensory modality of the signal plays an important role in the qual-
ity of vigilant behavior, and sensory redundant displays aid in detection
efficiency. Thus. an alternative technique to pure visual monitoring would
be to transfer the signal into an auditory modality. For example, it might be
beneficial to attempt to take advantage of this by designing a forn1 of radar/
sonar systems for tanks that would make use of analogous audio/visual
signals. Such a system might increase overall efficiency in target acquisi-
tion and reduce the powerful degrading effects of a high nontarget event
rate, since these effects can he eliminated in the laboratory when subjects
are permitted to search for targets by alternating their inspection between
analogous auditory and visual displays.

Computer assistunce systems may be developed that would provide crew
members with information ais to the most probable times of appearance and
spatial locutions of targets and thus reduce the effects of both icmporal aind
spatial uncertainty on vigilance efficiency Given the particularly deleteri-
ous effects of sleep loss on low-arousal monitoring environments, we rec-
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ommend that special consideration he given to adequate sleep for those
charged with monitoring and vigilance.

Tasks that are performed in succession require more processing capac-
ity than tasks that are performed simultaneously, Hence, designers should
strive to provide simultaneous-type displays for target acquisition functions
when possible. This might be achieved by the use of instruments that
furnish crew members with Immediate reference standards against which
events carn be compared instcad of forcing them to rely upon short term
memory to separate signals and noise.

In order to minimize the deleterious effects of vigilance on perfor-
mance, the panel recommendds that the crews be instructed on the biases and
nonoptimal strategies of their vigilance functions in order to optimize their
response strategies. In addition, training with target cueing or with knowl-
edge of results can have a beneficial effect on performance In tasks requir-
ing sustained attention. Team monitoring is also a possibility fo.r enhancing
target acquisition in armor crews since Army doctrine calls for overlapping
fields of inspection on the battlefield, While a few experiments have re-
ported an improvement in signal detectability for teams of monitors coni-
pared with single monitors, other experirmmts have reported no teait, advan-
tage. The effects of teum monitoring are complicated by tile fact that social
interactions between monitors play a role in determining the effectiveness
of the procedure. 'Furthermore, only one study (Bergum and Lehr, 1962)
has examined the influence of psychophysical variables on team monitoring
effectiveness, Given Its potential applicability to target acquisition in 'Ir-
mored combat, the team concept warrants further investigation.

GIEOGRAPHIC ORIENTATION

The panel recommends that efforts be made to provide armored crew
personnel with accurate, possibly electronic, na vigational information, capi-
talizing, whenever pos dhle, on technology (C.g,. digiti 'i'd terrain data bases.
the Global Positioniig System, and inertial navigatiomi l syste,,s). In the
design of these navigational imaps, consideration should be gi,'.v ll to tile
appropriate Irame of reference, to the depictiion of' updated position inlor-
mation, and to tile realistic depiction of terrain features.

Navigational systems should also support both north-up and track-up
map formats. North-up formats will facilitate Il ission plannling and corn-
munications between individuals who do not share the salme I),:rspeLctive
(i.e., crews in different tanks). Track-up formats will facilitatc wayfinrding,
locating targets, and communications betwecul individual : who share the
same perspective view of the terrain iLe., naembers in the .;anie tank crew)
Finally, both phatniled route and caLrrent position shoulo be dkplayed on the
ttap.
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COMMUNICATIONS AND DECISION MAKING

Communications in tanks has been largely ignored as an issue, but in
other systems (i.e., aviation) it has been identified as a major human factors
problem. The panel recommends that the way in which information is
presented to the tank commander should be redesigned. At present, the tank
commander must piece together information from auditory and visual chan-
nels. This adds to the confusion and may result in missed information,
resulting in poor decision making and performance. Design efforts must
address the potential confusion of the source of communications under high
workload resulting from the tank commander mcnitoring two parallel radio
channels and confusing the source of communications within the tank.

Recent studies of expert versus nonexpert decision making in firefighting
(Klein, 1989) indicate that the decision making of experts is more rapid and
less demanding of their cognitive resources. Research is needed to deter-
mine if decisions using this strategy are more accurate than those employ-
ing more effortful strategies.

Continued research is needed regarding the effectiveness of debiasing-
training personnel to understand the effects of biases and heuristics on their
decisions-in improving the overall quality of decision performance. Deci-
sion maker's in complex systems should be explicitly taught about confirma-
tion bias, which describes the decision makers' tendency to seek new infor-
mationt that supports one's currently held hypothesis and to ignore or minimize
the importance of information that may support an alternative hypothesis.
If a tank commander has a preconceived hypothesis regarding the nature of
enemy intentions, he may interpret ambiguous evidence as consistent with
these intentions. This bias has been found in the performance of Army
intelligence analysts (Tolcott et al., 1989), Care must also be taken by the
team leader to guard asgainst following preprogrammed procedures. without
monitoring the continued appropriateness of the decision and the commander
must be willing to modify or abandon procedures as required.

STRATEGIC TASK MANAGEMENT

The panel has concluded that the research base on how well and effec-
tively people manage or switch activities following a workload transition is
quite sparse, While basic laboratory research suggests some facility in this
switching, there is a strong need for research that identifies the speed.
strengths. and limitations of activity switching in high workload/high stress
environments. It is particularly important to examine the extent and prev.,-
lence of cognitive tunnel vision (.the failure to switch) in emergency situa-
tions, such as the Three Mile Island incident. Such research could capital-
ize well on advanced simulator capabilities, such as SIMNET, in which
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realisticly stressful conditions can be created, and activities can be recorded
digitally.

Evidence that activity switching benefits from both training and clearly
distinguishable cues of what tasks are required certainly leads to recom-
mendations regarding the importance of practice in emergency response
(see Chapter 11) and of clear, unambiguous communications within the
team regarding task assignments, as discussed in Chapter 10.

The benefits of preview for task management, while not based on ex-
tensive data, are nevertheless consistent with argument presented in Chap-
ter 4 regarding the benefits of providing team members with knowledge of
likely future stressful conditions, Research is recommended in this domain
to examine the effects of partially reliable preview. Finally, the data sug-
gest that, under high levws of workload, tasks are not always rescheduled
according to an optimal prioritizatlon scheme. Research should focus on
the extent to which this task rescheduling can be trained.

TEAM LEADERSHIP AND CREW COORDINATION

Based on evidence available to date, the panel recommends that com-
plex teams should maintain their integrity over some period of time. Tank
crews generally do but civil aviation crews do not, at present. High-level
decision makers must consider the personalities of people within groups in
addition to technical competence. Crew composition has been found to
have a significant effect on performance. There are three possible solu-
tions: crew resource management training, selecting out the "no stuff"
operators who have been found to inhibit the development of effective commu-
nications, and crew composition/creation. Consideration should be giver to
implementing crew resource management training in all multiperson teams
after it has been demonstrated that such training would be of benefit for that
environment. Research is needed to examine the factors that enhance crew
compatibility and productivity, as well as the individual characteristics that
predict how an individual and team will function productively.

A series of related actions to asses the need for formal training in
leadership and crew coordination are reconimended. Additional areas for
action include assessment of the social-psychological impact of automation
and reduced crew complement and an investigation of the role of personal-
ity factors as determinants of crew performance.

The importance of the mix of personalities that comprise effective and
less effective crews must be examined. Research to date suggests that
effective teams have high loyalty, morale, commitment, and effective task
performance. Good team qualities include effective leadership, member-
ship mix, commitment/cohesion, cooperation, achievenment motivation, ef-
fective work methods, clarity of roles ond procedures, acceptance and giv-
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ing of suggestions and criticism, individual initiative, and adaptability. At-
tempting to achieve this in the tank crews would result in more effective
team performance.

To date, no investigation has been carried out on the extent and nature 4
of leadership and crew coordination problems in tank crews. A number of
methodological approaches can be employed to obtain a valid representa-
tion of leadership and crew coordination issues in current battle tanks, these
have been addressed in Chapter 10. Considerable data have been accumu-
lated in avation on the validation and behavioral impact of crew coordina-
tion training. Priority should be placed on conducting research to determine
if such training is applicable to tank crews. Further research is also needed
to determine the effect of complement reduction on crew interactions (both
communications and performance) prior to a change in crew structure. The
most viable approach would be to conduct full mission simulations with
accurate video and audio recordings.

TRAINING

The panel wishes to stress that training is not a panacea. To enhance
performance of a specific task, the more repetition that occurs, the better.
And to enhance problem solving and transfer to new tasks, fewer specific
repetitions are recommended along with an increase in the variety of tasks
that are practiced, The panel recommends that tank crews be trained to the
point of automatic processing for proceduralized tasks, To perform in an
expert fashion under stress, tank commanders and crews must have a thor-
ough understanding of the system, The lower-level procedural skills re-
quired to respond appropriately should be automated, thus freeing attention
for the unique aspects of the problem at hand, and this can make vigilance
pcrformancc more resistant to the effects of environmental stress and in-
creased mental workload, SIMNET allows individual crew members through
battalion commanders to proctice tasks and roles in as realistic, complex
environment as necessary to develop the appropriate skills. The panel strongly
encourages the maximum utilization of SIMNET, The technology of em-
bedded training allows indiv iduals to practice procedural tasks in the opera-
tional environment, which is also bealcficial.

Emergency procedures ought to be more trained so that attentional tun-
neling does not occur. Thus, emergency problem-solving and decision mak-
ing, as well as routine proceduralized tisks, must be practiced, Initial
training for emergency situations should be given under nonemergen.y con-
ditions because learning is better in nonstressed environments, But, once
learned to some degree of efficiency, those procedures should be practiced
under some degree of emergency stress/high workload so that operators will
better learn how to respond under those conditions.

___... .. _____________
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On the basis of the research findings, we recommend that emergency
procedures be trained to the point of automaticity. The complexity of the
system and the nature of human response under stress must be known by the
trainer. For simple systems, emergency procedures should be overtrained,
however, for complex systems, fault diagnosis should be taught, in which
operators monitor the consequences of each step in a procedure for accurate
diagnosis.

Considerable benefit can be gained from applying the training programs
in crew resource management, successfully validated in an aviation context,
to other team environments. The training principles discussed in the pre-
ceding chapters provide some practical information on how to design pro-
grams to enhance soldier performance. However, as noted by Hinrichs
(1976), these principles have not been adequately validated to warrant wholesale
application without additional research. They do provide hypotheses ame-
nable to testing. Basic and applied research are most needed in the follow-
ing areas: (I) the impact of stress on task performance following varying
degrees and types of training and (2) the validation of training approaches
against performance in a combat-like environment, This research will pro-
vide the basis for a comprehensive approach for providing training that will
result hi a higher probability of competent performance under emergency
situations such as tank combat,
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